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CHAPTER 1: 
INTRODUCTION 
 
1.1 Challenges and progress in water reuse technologies 
The shortage of good quality water negatively impacts essential 
factors of human life such as food and energy supply (Macedonio 
et al., 2012). Adequate water supply and affordable energy 
sources are essential in today’s world to sustain good public 
health and economic growth. It has been reported that over one-
third of the world’s population have no access to clean water and 
2.6 billion people lack adequate sanitation (Montgomery and 
Elimelech, 2007; Shannon et al., 2008). Therefore, there has been 
an increasing interest in water reuse and desalination 
technologies as promising strategies to alleviate the current stress 
on natural water sources (Baker, 2004). Desalination and 
wastewater reclamation using pressure-driven membrane 
processes such as nanofiltration (NF) and reverse osmosis (RO) 
have been successfully applied to produce potable water from 
brackish and seawater as well as treated wastewater effluent 
(Paul et al., 1990). However, several inherent drawbacks such as 
the heavy reliance on hydraulic pressure, large concentrate 
volumes, and high membrane fouling propensity have greatly 
restricted the sustainable development of pressure driven 
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membrane processes in recent times, especially in developing 
countries, due to the soaring oil and electricity prices (Li et al., 
2004). 
In order to address the above mentioned concerns, major efforts 
are being made to develop water-treatment methods that are 
environmentally benign, energy-efficient and have greater 
permeate water recoveries with high quality (Shaffer., 2012). 
Innovative membrane-based technologies such as forward 
osmosis (FO) process have shown great potential for seawater 
desalination, wastewater treatment and reclamation. The 
attractiveness of forward osmosis process is due to its stated (yet 
not proven) low energy consumption, stated (yet not sufficiently 
proven at relevant water fluxes) lower fouling propensity, 
simplicity as well as the greater rejection of a wide array of 
foulants compared to salt rejecting nanofiltration membranes 
(Alsvik et al., 2013). The forward osmosis process has also been 
considered as an additional step to current pressure-driven 
processes to produce hybrid processes with potentially improved 
water recovery and energy savings (Cath et al., 2005; Zhao et al., 
2012).  
The forward osmosis membrane separation process is driven by 
the chemical potential difference of two solutions across a semi-
permeable membrane; that is, pure water is transported from an 
impaired source (feed solution) through a semi-permeable 
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membrane to a solution of higher solute concentration (draw 
solution) due to the osmotic pressure difference.  
However, despite the various potentially attractive benefits of the 
FO process, commercially, forward osmosis technology is not yet 
comparable to reverse osmosis as a number of hurdles still need 
to be overcome before its practical implementation (McCutcheon 
et al., 2008; Phuntsho et al., 2012; Van der Bruggen and Luis, 
2014; Shaffer et al., 2015). Some of the efforts directed to 
advancing the forward osmosis technology include conducting 
systematic experimental research to elucidate intractable 
problems such as identification of new draw solutes that will be 
capable of generating higher osmotic pressure, but are still easily 
segregated from the draw solution at lower energy consumption 
(McGinnis et al., 2007; Yen et al., 2010; Yong et al ., 2012); in 
addition to this there is the tailoring membrane structures that 
will decrease the effect of the so-called internal concentration 
polarization (ICP) which transpires in the porous support layer of 
current forward osmosis membranes and significantly reduces 
water flux because the diffusion of solutes is hindered and 
hydrodynamic force cannot effectively mix solutions inside the 
porous support layer (Gruber et al., 2011; Setiawan et al., 2012; 
Su et al., 2012; Li et al., 2014).  
Further developments in these areas are still needed for 
successful commercialization of the technology. However, one 
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area of research that has not been fully understood and 
developed, but is essential in the significant improvement and 
viability of osmotically driven membrane processes in water 
treatment, is the investigation of membrane fouling at sufficiently 
high fluxes that allow economic sustainability. Even though the 
fouling propensity in forward osmosis is often stated to be 
relatively mild compared to reverse osmosis (Lee et al., 2010), 
there remains a need to effectively control fouling in order to 
improve the performance and prolong membrane lifespan. 
Membrane fouling does not only lead to a decline in permeate 
water flux, but also deteriorates the feed water quality and 
consequently inflates the operating and membrane replacement 
costs. 
The forward osmosis process is thus often stated in literature to 
present an opportunity to treat heavily impaired water sources 
due to its inherently low irreversible fouling propensity and 
promising low energy consumption. However, since fouling is 
inevitable, there is still a need to investigate its impact on 
permeate flux, especially at the higher fluxes that novel 
generation membranes allow to reach. Thus, this study seeks to 
develop a proper mechanistic understanding of forward osmosis 
membrane fouling behaviour during treatment of seawater, 
diluted seawater and wastewater effluent, where the fouling 
processes are more complex compared to feed streams in low 
ionic strengths level, this is due to altered foulant-membrane and 
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foulant-foulant interactions as well as more severe internal 
concentration polarization effects.  
1.2 Osmotic driven membrane processes 
Osmotically driven membrane processes, including forward 
osmosis, pressure-retarded osmosis (PRO) and pressure-assisted 
osmosis (PAO), have gained (renewed) interest in recent years 
because of their potential applications in separation processes as 
well as power generation (McGinnis et al., 2008; Shannon et al., 
2008; Chung et al., 2012; Elimelech et al., 2011; Penate et al., 
2012; Zhao et al., 2012). The simplest form of osmotic membrane 
processes is the forward osmosis process. As previously described, 
forward osmosis exploits the natural phenomenon of osmosis, 
such that pure water from an impaired feed solution 
spontaneously permeates through a semi-permeable membrane 
under an osmotic gradient provided by a solution of a higher 
solute concentration (Figure 1.1(b)). The osmotic gradient is 
determined by the concentration difference between the two 
solutions of an osmotically active compound (such as NaCl, 
although other salts or neutral compounds can also be used). The 
more concentrated solution is termed the draw solution, whereas 
the dilute solution is termed the feed solution. When applied in 
water treatment, an additional separation step is applied to 
separate the osmotic agent from the pure water and this can be 
achieved using reverse osmosis. Alternatively, a distillation 
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process can be utilized to re-concentrate the draw solution for 
reuse in the FO process, as well as producing purified water 
(Chung et al., 2012). 
 
Figure 1.1: Illustrations of the different operational principles of 
ODMPs a) Reverse osmosis and b) Forward osmosis. The process 
ends when the hydraulic head difference between two solutions 
equals the osmotic pressure difference, ∆𝜋. 
Pressure-retarded osmosis is an osmotic process that is regarded 
as an intermediate process between reverse and forward osmosis. 
Similarly to reverse (Figure 1.1(a)), an external hydraulic pressure 
is applied opposite to the osmotic pressure gradient (Loeb, 
1976a). However, the direction of the water transport is similar to 
that of forward osmosis, because the applied hydraulic pressure 
does not exceed the osmotic pressure difference across the 
membrane (Loeb, 1976b). As displayed in Figure 1.2(a), water 
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from the feed solution (e.g. fresh water) thus flows through the 
membrane into the draw solution (e.g. seawater), hereby diluting 
the latter due to an increase in water volume. The resulting 
diluted and still pressurized draw solution is then separated into 
two streams. One of them is relaxed over a hydropower turbine in 
order to extract energy in a higher extent then the energy 
required for pressurising the draw. The other one flows through a 
pressure exchanger to pressurise the incoming draw solution, 
reducing the energy consumption of the process. Pressure 
assisted osmosis process (Figure 1.2(b)) uses a slight external 
hydraulic pressure as an extra driving force in the water 
permeation process (Blandin et al., 2013). This allows for 
improvement in forward osmosis permeate water flux, which in 
turn results in a higher efficiency of the system, potentially 
increasing its recovery or lowering the required membrane 
surface area compared to reverse osmosis (Yun et al., 2012). 
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Figure 1. 2: Illustrations of the different operational principles of 
osmotically driven membrane processes: a) Pressure retarded 
osmosis (PRO) and b) Pressure assisted osmosis (PAO). 
(Claimed) Advantages of the FO membrane process  
The FO process is said to have inherent potential advantages that 
make it an attractive alternative to pressure-driven membrane 
separation technologies (Penate et al., 2012). These said 
advantages include low energy consumption due to minimal use 
of external hydraulic pressure. Working at very low hydraulic 
pressure, fouling layers are much less compacted in forward 
osmosis and can be easily removed by osmotic backwashing; thus, 
many of the possible forward osmosis applications can be 
operated with low quality feed water, including domestic and 
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industrial raw wastewater. The forward osmosis process can also 
be coupled to reverse osmosis process to result in FO-RO hybrids 
aimed at potentially improving process performance and energy 
savings. However, energy consumption can only be lowered when 
forward osmosis come before reverse osmosis reducing reverse 
osmosis fouling and scaling, subsequently reducing the intensity 
of hydraulic pressure applied to purify water. Thus, in pure 
thermodynamic terms energy saving is not possible in a closed-
loop FO-RO unit. In addition, the forward osmosis process also has 
a high rejection of a broad range of contaminants, and claimed 
lower membrane fouling propensity than in pressure-driven 
membrane processes which is yet to be proven at high fluxes in 
real practise. The forward osmosis process also presents an 
opportunity for the recovery of the osmotic agent such that it 
could be reused again (Chung et al., 2012). 
Applications of forward osmosis processes 
The viability of forward osmosis processes has been demonstrated 
in a variety of applications including production of nutrient-rich 
drinks used as part of life-saving equipment in life boats. The 
process has also been applied in food processing in emergencies 
such as natural disasters, for instance, osmotic concentration of 
liquid foods. Forward osmosis is also suitable for concentrating 
heat-sensitive substances such as proteins (Beaudry et al., 1990; 
Jiao et al., 2004; Dova et al., 2007a; Dova et al., 2007b).  
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As previously stated, forward osmosis is a robust membrane 
separation technology that can provide superior rejection of a 
broad range of feed streams and dissolved ions. It is therefore, 
being researched and advanced for water treatment applications 
such as seawater desalination (Kravath et al., 1975; Petrotos et al., 
1998), wastewater reclamation (Yangali-Quintanilla et al., 2011), 
industrial wastewater treatment (Tang et al., 2008; van Houtte et 
al., 2008), brine concentration (Votta et al., 1974; York et al., 
1999), osmotic membrane bioreactors (Cartinella et al., 2006) and 
the use of the salinity gradient for power generation or osmotic 
dilution prior to reverse osmosis seawater desalination (using 
impaired water as feed and seawater as draw solution) (Lee et al., 
1981; Beaudry et al., 1999).  
Coday et al., (2015), investigated the impacts of membrane 
selection (asymmetric cellulose triacetate versus polyamide thin-
film composite) and system operating conditions on the 
performance of forward osmosis membranes for membrane 
desalination of produced water using a standard method and 
system operating conditions analogous to those used in the 
operation of industrial spiral wound reverse osmosis membranes. 
Rejection of inorganic solutes was found to be greater than 94 % 
and dissolved organic carbon was higher than 93 %. However, the 
rejection of total nitrogen (TN) was poor, recording a moderate 63 
%. Duong and Chung, (2014), investigated the effectiveness of the 
forward osmosis process to treat stable oil-water emulsions. Their 
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study successfully demonstrated the treatment of a wide range of 
oil-water emulsions from low to very high concentrations of up to 
200 000 ppm. Water was separated from oily feeds containing 500 
ppm or 200 000 ppm emulsified oil at relatively high flux of 16.5 ± 
1.2 LMH or 11.8 ± 1.6 LMH, respectively, using a thin film 
composite membrane and 1 M (NaCl) draw solution. The 
membrane was also able to achieve an oil rejection of 99.88 % 
and producing water with negligible oil concentrations. 
The forward osmosis process was also recently studied for the 
dilution of concentrated solutions of fertilizers which were directly 
applied for fertigation (Zou et al., 2011). Furthermore, the concept 
of hybrid FO-RO, combining wastewater treatment and 
desalination was also proposed (Cath et al., 2010; Bamaga et al., 
2011; Cath and Childress, 2011; Van der Bruggen and Luis, 2014). 
Hancock et al., (2013) evaluated the performance of forward 
osmosis at the pilot scale to achieve simultaneous seawater 
desalination and wastewater reclamation. This investigation was 
performed with a commercial spiral wound forward osmosis 
membrane element for approximately 1300 h of continuous 
operation processing 900 000 L of wastewater effluent and 
producing 10 000 L of purified water through a hybrid FO-RO 
process. Water flux was maintained at a relatively constant rate of 
5.7 ± 0.2 LMH with membrane bioreactor permeate feed and 
seawater draw solution. Evaluation of sample fluorescence 
revealed that the forward osmosis membrane and the hybrid 
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process provide a strong barrier to protein-like fluorophores 
associated with wastewater effluent. There was also 99.9 % 
removal of orthophosphate and dissolved organic carbon and 
more than 96 % rejection of nitrate. However, as briefly 
illustrated, most forward osmosis applications are still explored at 
a laboratory scale. Further detailed investigations and conceptual 
proofs are required in order to turn this process into a 
mainstream treatment process.  
1.2.1 Key factors affecting the performance of the FO 
membrane process 
Permeate flux rate is the primary parameter in FO process 
evaluation in water treatment and is influenced by a wide range 
of factors that can be generally listed as: membrane properties, 
with associated reverse salt diffusion and concentration 
polarization, feed water quality (and fouling) and operating 
conditions (Thorsen et al., 2009).  
1.2.1.1 Membrane properties 
The performance of an FO membrane depends on the inherent 
properties of material used in its synthesis or preparation. 
However, the most commonly used performance indicators 
include the water permeability (A), solute rejection (R), solute 
permeability coefficient (B) and structural parameter (S). The 
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structural parameter (S) is defined as the factor that describes the 
effect of membrane support thickness, porosity and tortuosity on 
mass transport in the support layer. Most membranes, even those 
used for osmotic driven membrane processes have an asymmetric 
structure with a dense thin top selective layer supported by a 
porous sub-layer. In practice, a membrane needs to be highly 
permeable to the solvent (water) and highly impermeable to the 
solute. Therefore, the water permeability describes the extent to 
which the water is able to flow through the membrane’s structure 
(Eq. 1.1), which is usually determined using hydraulic pressure.  
  𝐴 =  
𝐽𝑤
∆𝑃
=  
𝑉𝑝𝑒𝑟𝑚
𝐴𝑚∆𝑡∆𝑃
   (Eq. 1.1) 
Where: 
 𝐴𝑚  represents the membrane’s effective surface area 
 (m2), 
 𝑉𝑝𝑒𝑟𝑚  is the volume of the permeated water (L),  
 ∆𝑡 is the time elapsed during the permeation (h), 
 ∆𝑃 is the pressure difference across the membrane (bar). 
 
Water transport across osmotic membranes (including pressure-
driven membrane processes) is generally described according to: 
  𝐽𝑤 = 𝐴(∆𝑃 − ∆𝜋)   (Eq. 1.2) 
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Where: 
 A is the membrane water permeability (m-2·h-1·bar-1), 
 ∆P is the pressure difference across the membrane (bar), 
 ∆π is the osmotic pressure differential across the 
 membrane (bar). 
 
The osmotic pressure of a solution can be calculated from the 
Morse equation. This equation is derived from the Van’t Hoff work 
(Eq. 1.3) on osmotic pressure and only applies to solutions with 
dilute concentrations (i.e. < 0.5 M). This equation indicates that 
osmotic pressure is linearly proportional to the solute 
concentration, (i.e. the higher the solute concentration, the higher 
the osmotic pressure of the solution).  
 
  𝜋 = 𝑖𝑚𝑅𝑇 = 𝑖  
𝑛
𝑉
 𝑅𝑇   (Eq. 1.3) 
Where: 
 i is the Van’t Hoff factor, (defines the number of ions 
 produced during dissociation of a solute in an aqueous 
 solution),  
 m is the molarity of the solute which is equal to the ratio 
 of the number of solute moles (mol) to the volume of the 
 solution (L),  
 R is the universal gas constant (8.3145 J K-1 mol-1),  
 T is the absolute temperature (K). 
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However, this equation cannot be applied for solutions with 
higher concentrations (usually > 0.5 M). When calculating the 
osmotic pressure of solutions with high concentrations, other 
factors such as solution viscosity need to be considered.  
 
Closely related to the water permeability of a membrane is its 
selectivity for a given solute and is expressed by the retention 
coefficient or rejection coefficient R: 
 
  𝑅 =
𝐶𝑓−𝐶𝑝
𝐶𝑓
= 1 −
𝐶𝑝
𝐶𝑓
   (Eq. 1.4) 
Where: 
 Cf and Cp are the solute concentrations on the feed and 
 permeate, respectively. 
 
Water permeability (A) and solute rejection (R) are membrane 
characteristics which are mainly determined by the active layer; 
the active layer should allow water molecules to diffuse across 
while retaining solutes and other unwanted compounds.  
1.2.1.2 Concentration polarization 
For a perfect membrane in forward osmosis, the water flux is 
directly proportional to the osmotic pressure difference (∆π) of 
(bulk) draw and feed solution. However in practice, the effective 
osmotic pressure across the selective layer of the membrane is 
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often lower than the bulk osmotic pressure, thus the actual water 
flux across the membrane is lower than the theoretical value 
(Chung et al., 2012). This is mainly due to the inherent 
phenomenon of concentration polarization that is inherent to 
asymmetric membranes (Figure 1.3). 
During forward osmosis water is being selectively transported 
through the membrane, whereas the solutes are largely retained 
near the surface. As a result, a higher concentration of solutes 
occurs near the solution-membrane interface than in the bulk 
solution, reducing the effective driving force. This phenomenon is 
named concentrative polarization, which can be dilutive or 
concentrative depending on the membrane orientation.  
In addition to concentration polarization phenomenon there is 
also movement of solutes in an opposite direction to that of water 
which is also induced by the osmotic pressure difference resulting 
in a process called reverse solute diffusion (RSD). These two 
closely related processes are important on the performance of a 
forward osmosis process and are greatly influenced by the 
membrane properties. 
In forward osmosis process, concentration polarization occurs in 
both sides of the membrane: external concentration polarization 
(ECP) and internal concentration polarization (ICP) (Figure 1.3). 
Both concentrative and dilutive external concentration 
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polarization may exist in a forward osmosis process depending on 
the membrane orientation. Concentrative external concentration 
polarization occurs when the membrane active layer faces the 
feed solution configuration (FO mode), while dilutive external 
concentration polarization is observed when the membrane 
support layer is facing the feed solution (PRO mode) (Mehta and 
Loeb, 1978; Zhao et al., 2011).  
 
On the feed solution side, solute accumulates near the 
membrane’s surface and results in a higher concentration than 
that in the bulk. On the draw side, solute is removed from the 
membrane’s surface by permeation and thus, the solution in this 
region is diluted (Figure 1.3) (Phillip et al., 2010). 
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Figure 1. 3: Illustrations of driving force and concentration polarization for (a) PRO mode; and (b) FO mode, adapted 
from Mehta and Loeb, 1978. 
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In forward osmosis, the standard equation describing permeate 
flux is derived as a function of the difference in the bulk solution’s 
osmotic pressure. Equation (1.5) models water flux across an 
asymmetric forward osmosis membrane with concentration 
polarization effects considered.  
  𝐽𝑤 = 𝐴𝜎∆𝜋    (Eq. 1.5) 
Where: 
σ is the reflection coefficient, used to correct for the 
effects of concentration polarization, which refers to the 
ratio of the effective, to the actual bulk (∆𝜋) osmotic 
pressures as a consequence of overall concentration 
polarization phenomena.  
As water permeates through the active layer of the membrane, 
the draw solution is diluted within the porous support structure of 
the membrane, the draw solution is diluted within the porous 
support structure of the membrane and the structure of the 
support layer greatly hinders the diffusion of solutes from the bulk 
solution into the support layer (Sablani et al., 2001; Phillip et al., 
2010). Because of concentration polarization, the effective 
osmotic pressure difference across the membrane decline as: 
 
  𝜋𝐷,𝑎 − 𝜋𝐹,𝑎  <  𝜋𝐷,𝑏 − 𝜋𝐹,𝑏   (Eq. 1.6) 
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Where: 𝜋𝐷,𝑎 ,𝜋𝐹,𝑎 ,𝜋𝐷,𝑏  and 𝜋𝐹,𝑏  represent the osmotic pressures 
of the draw and feed solutions at the membrane active layer 
surfaces and bulky solutions, respectively, as indicated in Figure 
1.3. Therefore, in real cases Eq. (1.5) can be modified and 
expressed as:  
 𝐽𝑤 = 𝐴𝜎∆𝜋 = 𝐴𝜎 𝜋𝐷,𝑎  − 𝜋𝐹,𝑎   (Eq. 1.7) 
 
Among the two types of concentration polarization, internal 
concentration polarization is the key factor responsible for 
permeate flux loss. Furthermore, ICP, particularly dilutive internal 
concentration polarisation cannot be mitigated by simply 
increasing shear force or turbulence in the flow channel; instead 
mitigation methods must modify the support layer thickness (s) or 
support layer morphology (Bacchin et al., 2002; Koutsou et al., 
2009). The support layer is defined by the structural parameter 
(S), expressed as: 
 
   𝑆 =  
∆𝑥𝜏
𝜀
   (Eq. 1.8) 
Where: 
 𝜀 is the porosity (-) ,  
 𝑥 is the membrane’s thickness (m), 
 𝜏 is the tortuosity (-). 
 
In practice, the S is determined according to Loeb et al. (1976). 
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  𝑆 =  
𝐷𝑠
𝐽𝑤
𝑙𝑛  
𝐵+𝐴𝜋𝐷 ,𝑏
𝐵+𝐽𝑤+𝐴𝜋𝐹 ,𝑚
    (Eq. 1.9) 
Where:  
 𝐷𝑆 is the diffusivity of the draw solute,  
 𝜋𝐷,𝑏  is the bulk osmotic pressure of the draw solution,  
 𝜋𝐹,𝑚  is the osmotic pressure at the membrane surface on 
 the feed side.  
 
Previous studies clearly showed that ICP is closely related to the 
membrane support layer structure; internal concentration 
polarization becomes less severe for membranes with thinner and 
more porous support layers due to their reduced mass transfer 
resistance (Mehta and Loeb, 1978; Sablani et al., 2001; Gray et al., 
2006). A higher value of S indicates a “thicker” porous layer which 
results in a higher degree of concentration polarization. 
Therefore, a low structure factor is desirable to reduce the loss of 
performance.   
External concentration polarization can be dilutive or 
concentrative; concentrative ECP occurs in the feed solution side 
on the active layer of the membrane’s surface. This occurs 
because of the accumulation of the solute and causes an increase 
in the feed concentration. Dilutive external concentration 
polarization takes place on the draw solution side and is caused by 
permeation dilution. Because of dilutive ECP, the effective 
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osmotic pressure of the feed solution increases from 𝜋F,b to 𝜋F,m 
and that of the draw solution decreases from 𝜋D,b to 𝜋D,m.  
In FO, the standard equation describing FO permeate flux is 
derived as a function of the difference in the bulk solution’s 
osmotic pressure. If salt-back diffusion does not take place across 
the membrane and the standard FO permeates flux equation is 
modified by taking CECP and DECP into account which is describe 
by (Eq. 1.10) (McCutcheon and Elimelech, 2006). 
 
 𝐽𝑤 = 𝐴  𝜋𝐷,𝑎𝑒𝑥𝑝 −𝐽𝑤𝐾 − 𝜋𝐹,𝑎𝑒𝑥𝑝  
𝐽𝑤
𝑘
   (Eq. 1. 10) 
Where: 
 πD,a and πF,a are the osmotic pressures of the draw and 
 feed solutions,  respectively. 
 k is the solute resistivity, which is dependent on the 
 structural factor, and is  expressed by 𝑘 =
𝑆
𝐷
 (Gray et al., 
 2006). 
A similar model was developed for the active layer facing draw 
solution configuration and is described by: 
 𝐽𝑤 = 𝐴  𝜋𝐷,𝑎𝑒𝑥𝑝  −
𝐽𝑤
𝑘
 𝜋𝐹,𝑎𝑒𝑥𝑝 𝐽𝑤𝐾    (Eq. 1.11) 
Chapter 1: Introduction  
23 
 
However, external contration polarization is not considered the 
major reason for the reduction in membrane flux in the FO 
process. Furthermore, external concentration polarization can be 
alleviated by adjusting glow conditions, eg ECP effects on 
membrane flux can be minimised by increasing cross-flow rate 
and introducing turbulence (Gray et al., 2006). 
 
Many investigations have been conducted to model the effects of 
external and internal concentration polarisation on water flux in 
the forward osmosis process. When modeling flux in forward 
osmosis, the solution-diffusion theory for the rejection layer and 
the diffusion convection theory for the support layer are 
combined. These models have shown that internal concentration 
polarization is closely related to the mass transfer in the 
membrane structural layer. However, in forward osmosis there is 
the presence of bidirectional salt passage, which is hard to predict 
as both interact with each other, and which makes it hard to 
estimate external and internal concentration polarization effects 
on flux (Tang et al., 2010). McCutcheon and Elimelech, (2006) 
have developed models considering the effects of both internal 
and external concentration polarization on water flux and water 
flux in FO mode, which can be expressed as:  
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1.2.1.3 Reverse solute diffusion 
The rejection factor is also closely related to the solute/salt 
permeability coefficient (B), which describes the ability for a 
solute to diffuse through the membrane. The expression for the 
solute permeability coefficient in osmotic processes is given by: 
 
  𝐵 =  𝐽𝑤
(1−𝑅)
𝑅
exp  −
𝐽𝑤
𝑘
  (Eq. 1.12) 
Where:  
 k is the external mass transfer coefficient and can be 
 calculated by: 𝑘 =
𝑆ℎ
𝐷 𝑑ℎ
, where Sh is the Sherwood 
 number (which depends on whether the flow is laminar or 
 turbulent), D is the diffusion coefficient, and dh stands for 
 the hydraulic diameter.  
Ideally, the membrane should reject all solutes and allows only 
water to pass through, but in practice salts pass through the 
membrane mainly due to the differences in salt concentrations 
between the feed and draw solution which leads to a process 
called reverse salt diffusion. The movement of solutes from the 
draw to the feed, following the concentration gradient, is referred 
to as reverse solute diffusion. Reverse solute flux (Js) is directly 
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linked to the concentration difference, and thus the osmotic 
pressure difference across the membrane as described by: 
  𝐽𝑆 = 𝐵(𝐶𝑑 − 𝐶𝑓)   (Eq. 1.13) 
Where: 
 𝐶𝑑  and Cf are the solute concentrations in the draw and 
 feed solutions,  respectively 
An increase in draw solution concentration results in a higher 
reverse salt diffusion (at a constant feed solution concentration). 
For a draw solute to leak into the feed solution, it has to diffuse 
through the support layer in the opposite direction of the 
convective flow of solvent (water), resulting in an unstirred 
boundary layer inside the support layer (Mohammadi et al., 2002; 
Zhao et al., 2011). As a result of reverse salt diffusion, reduction of 
the osmotic pressure at the draw solution and elevation of the 
concentration at the feed solution will lower the osmotic pressure 
difference across the membrane, thereby reducing the 
performance of osmotically driven membrane process. 
Furthermore, replenishment of the lost draw solution can increase 
the operating cost of the process (She et al., 2012). As such, 
reverse salt diffusion is an undesired phenomenon in different 
aspects.  
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Past studies have explored the permeation of strong electrolytes 
(e.g. NaCl) through membranes in forward osmosis configuration. 
Solutes were observed to diffuse at different rates based primarily 
on the size of the hydrated molecule (Cath et al., 2006). Ions that 
form larger hydration shells (i.e. barium, magnesium, calcium) 
exhibited lower reverse solute fluxes compared to ions with 
smaller hydration shells (i.e. Na, K, NH3). It was also observed that 
ions diffuse at rates that maintained electro-neutrality. The 
research findings revisited here shows that current draw solutes 
do not meet the criteria for ideal draw solutes. Inorganic salts (Na, 
K, Ca salts) tend to permeate across the membrane to the feed 
solution, changing its composition and thus influencing fouling. 
Most of the draw solutes also require energy intensive processes 
for their regeneration or separation from the extracted water to 
produce pure potabe water. This presents an opportunity for 
future research in identifying and developing suitable draw 
solutions for osmostically driven processes. 
1.2.1.4 Feed water quality and osmotic gradient 
The performance of the FO process is also strongly influenced by 
the feed water quality. Possible feed streams for the FO process 
include brackish water, seawater, treated wastewater effluent 
and industrial wastewater (Votta et al., 1974; Cartinella et al., 
2006; Dova et al., 2007a; van Houtte et al., 2008). These water 
types contain unwanted substances or compounds that can 
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initiate membrane fouling and severely reduce permeate flow 
(Petrotos et al., 1998; Bacchin et al., 2006; Yangali-Quintanilla et 
at., 2011; Gkotsis et al., 2014). In addition, their salt concentration 
can decrease osmotic driving force across the membrane. 
Therefore, the sustainability of permeate flux is greatly influenced 
by feed water composition (foulant type, concentration and 
physicochemical properties) as well as the chemistry of the 
solution they exist in (i.e. solution pH, ionic strength and cationic 
species concentration) (Cath et al., 2005; She, 2008). The presence 
of solutes (salts) in high concentrations can lower the effective 
osmotic gradient or driving force, subsequently lowering water 
recovery (Zhang et al., 2012). The influence of these parameters 
on the FO process performance will be discussed in greater detail 
in Section 1.2.2.3 on membrane fouling.  
The permeate flux, which is one of the most important process 
variables in osmotic membrane processes is primarily determined 
by the osmotic gradient applied (Thelin et al., 2013). Therefore, 
the availability of a suitable draw solution that is capable of 
generating high osmotic pressure (∆π) is crucial for advancing FO 
technology (de Koning et al., 2008).  
The osmotic pressure difference is dependent on the 
concentration of both the feed and draw solutions. A higher draw 
solution concentration gives a large osmotic pressure potential 
which in turn results in high permeate rates. However, the 
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relationship between draw solution concentration and permeate 
flux is not linear due to reverse salt diffusion and concentration 
polarization which are inherent to the FO process (Cath et al., 
2006).  
1.2.1.5 Operational conditions 
Operating conditions include hydrodynamic parameters such as 
initial flux and cross-flow velocity, temperature and recovery. 
These conditions strongly affect the performance of an FO 
process. A higher cross-flow velocity has been found to reduce the 
boundary layer thickness and concentration polarization, and thus 
it tends to reduce membrane fouling and improve recovery (Xu et 
al., 2010; Ge et al., 2013). Other operating conditions such as feed 
water recovery and temperature can also significantly affect the 
performance of an FO membrane. The operating temperature is 
related to mass transfer, salt solubility, membrane fouling and 
concentration polarization, despite being a difficult parameter to 
control in practise, temperature is regarded as an important 
operating condition (Ge et al., 2013; Xie et al., 2013). Zhao and 
Zou, (2011) reported higher fluxes and recovery at higher 
temperatures due to the decrease in permeate viscosity and an 
increase of osmotic pressure (and thus driving force), water 
permeability and mass transfer. Similar observations were made 
by Xie et al., (2013), as water permeability A, values determined 
for different forward osmosis membranes increased with 
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increasing temperature. However, in addition, the solute 
permeability coefficient B, value also increased, resulting in a 
higher reverse salt diffusion. Nonetheless, the reverse salt flux 
selectivity and the membrane structure factor, S seemed 
unaffected by an elevation in temperature.  
1.2.2 Relationship between these influential factors 
The five key factors in forward osmosis process performance have 
been discussed above. In fact, these challenges are not isolated, 
but closely related to each other. It can be seen that the 
membrane support layer should be as porous as possible to 
reduce internal concentration polarization, and that the 
membrane active layer should be highly selective to decrease the 
reverse solute diffusion. However, a porous support layer will 
indeed reduce internal concentration polarization by promoting 
mass transfer within the support layer; contrastingly, it can also 
increase fouling when the active layer is facing the feed solution 
mainly due to clogging of the pores of the porous layer. For the 
draw solute, small hydration ion size can minimize, but it can also 
increase both the reverse solute diffusion and membrane fouling 
(Bacchin et al., 2002). This makes the criteria for favourable draw 
solutes more critical. Generally, high reverse solute diffusion can 
cause severe membrane fouling, and vice versa. Further, internal 
concentration polarisation and membrane fouling may result in 
coupled adverse effects on water flux in forward osmosis 
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(Koutsou et al., 2009). At the same time, internal concentration 
polarization, reverse solute diffusion and membrane fouling are 
fundamentally influenced by both the membrane characteristics 
and the draw solute properties. 
1.2.3 Challenges forward osmosis processes in water 
treatment 
Despite its potential, the forward osmosis process has not been 
widely embraced in water treatment mainly because of the lack of 
suitable membranes and draw solutions (McCutcheon et al., 2008; 
Chung et al., 2012; Chung et al., 2012). Its success in water 
treatment is also impeded by the lack of sufficient knowledge on 
the membrane fouling phenomenon such that sustainable and 
effective fouling mitigation strategies can be developed. There 
have been efforts to address each of these challenges and 
detailed accounts are provided in the next subsections.  
1.2.3.1 Draw solutions 
A draw solution is defined as the solution of higher concentration 
and osmotic potential, relative to the feed solution, such that net 
pure water flows through the membrane from the feed to the 
draw solution to dilute it (Hoek and Elimelech, 2003; Chung et al., 
2012). Many draw solutions have been tested in FO with the aim 
to achieve a low energy separation method for clean water 
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production. However, no real-energy method yet, that is lower 
energy than reverse osmosis is not possible for FO draw 
regeneration but there can be some gains in energy depending on 
the type of energy used. However, in a closed loop FO-RO hybrid 
set-up, the energy utilization will always be higher than that of 
just reverse osmosis. However, when fouling in reverse osmosis is 
reduced then the practical energy consumption of FO-RO hybrid 
might be lower than just reverse osmosis.  
The principal criteria for the selection of a suitable draw solution 
are as follows: (i) the solute must have a high osmotic efficiency, 
namely high solubility in water and relatively low molecular 
weight, which can lead to high osmotic pressures; (ii) the solute 
must also be easily and economically separated to yield potable 
water, without being consumed in the process; and (iii) osmotic 
agents should ideally be inert, stable, neutral or near neutral pH, 
and nontoxic. Moreover, the draw solutions should not degrade 
the membrane chemically or physically (Achilli et at., 2010). 
Therefore, finding the appropriate draw solution is a systematic 
task. Draw solutes for osmotic processes can be classified into 
four major categories: inorganic solutes, thermolytic/volatile 
solutes, organic solutes, and polymer-based macro-solutes 
(Money, 1989; McCutcheon et al., 2005; McCutcheon et al., 2006; 
Garcia-Castello et al., 2009; Bowden et al., 2012).  
Chapter 1: Introduction  
32 
 
Inorganic salts are the most widely used draw solutes in FO and 
PRO research due to three major advantages, which include being 
abundantly available in nature, being inexpensive, and having high 
osmotic pressure that can induce high water flux in FO and PRO 
(McCutcheon et al., 2005; McCutcheon et al., 2006).  
Thermolytic salts are a special type of draw solutes, consisting of 
highly soluble gases or volatile solutes that can generate high 
osmotic pressure and can be easily recovered (Bowden et al., 
2012). The draw solutes can be evaporated and regenerated by 
using low temperatures from low grade or waste heat sources 
(e.g., power plants) (Money, 1989). The best known thermolytic 
solution, the NH3–CO2 mixture, has been studied widely and 
showed promises of being a successful thermolytic draw solution 
(Money, 1989; Bowden et al., 2012). High draw solution 
concentrations can be generated by adjusting the ratio of gases 
that form the ammonium salt. Elimelech and his group at Yale 
University made a breakthrough in the FO process with the 
successful application of an NH4HCO3 draw solution. The salt 
solution contains highly concentrated carbon dioxide (CO2) and 
ammonia (NH3) (McCutcheon et al., 2005). Clean water is 
recovered from the draw solution through a thermal process 
which boils away the NH3 and CO2 at around 58 °C. The NH3 and 
CO2 are then arecombined to form salt and the process is 
repeated. However, this thermolytic draw solution has been 
reported to have a high reverse salt diffusion rate, which is caused 
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by the smaller hydration ion of the NH4
+ ion compared to those of 
divalent cations (Ca2+ and Mg2+). Another drawback of this 
approach is that it still requires considerable amounts of thermal 
energy to boil away NH3 and CO2 in the draw solution.  
Therefore, recent studies also focused on polymer-based macro-
solutes, which allow easier recovery, for example using 
ultrafiltration (Bowden et al., 2012). However, the efficient use of 
ultrafiltration in the separation can be hindered by the build-up of 
osmotic pressure due to the retention of the osmotic agent. In 
addition, their molecular structure and size can be manipulated to 
achieve solutions with high osmotic pressure and desired 
performance.  
Although not as common as inorganic solutes, several organic 
compounds have been tested as draw solutes (Garcia-Castello et 
al., 2009). These include ethanol, butanone, humic acid, and 
sugars such as glucose or fructose. As these organic solutes are 
not electrolytes, water fluxes are much lower in FO, especially for 
larger draw solutes. However, their main advantage is that they 
can be experimentally designed to obtain specific, desirable 
physicochemical properties such as solubility, diffusivity, and with 
a size suitable for different osmotic driven membrane based 
processes. For example, Yen et al., (2010) employed different 2-
methylimidazole-based compounds as a draw solute and found 
that an oligomer electrolyte derivative generated a higher water 
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flux and lower reverse solute flux than the original 2-
methylimidazole. In addition, another advantage of using organic 
compounds as draw solutes such as glucose/fructose is that they 
can be used directly for potable purposes with no regeneration 
step need. 
It is clear that in addition to the lack of ideal draw solution 
separation in forward osmosis (i.e., reverse solute diffusion), one 
other major hurdle is the separation of the draw osmotic agent 
from the diluted draw solution to produce pure water. Therefore, 
efforts have been made recently towards the development of a 
super-paramagnetic nanoparticle with a negatively charged 
surface which would facilitate the recovery of an Al2(SO4)3 draw 
solute through coagulation (Ge et al., 2011; Ling et al., 2011). 
Applying an external magnetic field to the draw solution would 
enable drinking water recovery with virtually no depletable 
energy input (Ling et al., 2010; Ge et al., 2012). These studies have 
made it clear that future attention should be directed towards not 
only novel, easily separable draw solutes, but also possible novel 
draw solute recovery technologies. 
1.2.3.2 Ideal membrane preparation 
The lack of high-performance membranes for forward osmosis 
presents another obstacle towards its large-scale 
commercialization. The commercially available cellulose triacetate 
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(CTA) membrane designed by hydration technology for the 
forward osmosis process, experiences relatively less internal 
concentration polarization compared to commercial reverse 
membranes, due to its specialized support layer (Yip et al., 2011; 
Hoover et al., 2012). However, the relatively low water 
permeability limits the overall processes water recovery. In 
addition, the membrane is also not suitable for high-saline feed 
streams (i.e. seawater) and the narrow pH operating range limits 
its application and its susceptibility to biodegradability. Therefore, 
there has been a upswing in the development of forward osmosis 
membranes with appropriate separation performance using the 
two most frequently applied fabrication techniques for osmotic 
membranes, namely asymmetric membranes made by non-
solvent induced phase inversion, and thin-film composite (TFC) 
membranes made by interfacial polymerization on porous support 
layers (Wei et al., 2011; Wang et al., 2012; Alsvik et al., 2013; 
Nguyen et al., 2013).  
Compared to the conventional asymmetric membranes (i.e. 
cellulose triacetate), thin film composite membranes have 
advantages such as high water permeability, greater solute 
rejection and non-biodegradability. However, the problem of 
internal concentration polarization persists, as ICP occurs more 
severely in the microstructure of the sponge-like support layer, 
which may act as an unstirred diffusive boundary layer and thus 
prevents homogeneous draw solution concentration (Zhang et al., 
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2010; Song et al., 2011; Chou et al., 2012; Emadzadeh et al., 
2014). Therefore, modifying the support layers is essential to 
minimise the performance-limiting effects of internal 
concentration polarisation. Prior studies through both 
experiments and modelling have demonstrated that the 
additional resistance to mass transfer of this boundary layer is 
proportional to the support layer thickness and tortuosity and 
inversely proportional to the support layer porosity as already 
described in section 1.2.1.2 (Wang et al., 2010; Widjojo et al., 
2011; Klaysom et al., 2013; Zhang et al., 2013).  
1.2.3.3 Membrane fouling 
The other important challenge of the FO process that has received 
less attention, although it could be of great importance in its 
advancement, is the development of more insight into membrane 
fouling behaviour and fouling mechanisms, particularly in 
seawater desalination and wastewater reclamation. Membrane 
lifetime and permeate fluxes are primarily affected by the 
phenomena of fouling as well as concentration polarization. This is 
also the subject of interest in this study; therefore, the next 
sections will be expanding the discussion on the impact of 
membrane fouling on permeate flux decline in forward osmosis 
processes, as well as potential alleviation remedies. Membrane 
fouling is a broad term that describes the accumulation of all kinds 
of substances on the membrane surface, where these substances 
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block pores or form a cake layer that reduces permeate flow 
through the membrane (Guo et al., 2012). Any membrane process 
using water sources containing some form of pollution (pollutant) 
are subject to fouling (Katsoufidiou et al., 2010). Forward osmosis 
membrane fouling is usually deemed to be highly reversible and 
stated to be removed quite easily (Guo et al., 2012). Due to the 
lack of pressure on the feed side, fouling layers are said to bind 
only very loosely to the surface; however, occurrence of fouling in 
the presence of the inherent concentration polarization 
phenomena leads to severe loss in permeate flux. Four types of 
fouling are often seen or encountered in osmotic membrane 
filtration, and thus also apply to forward osmosis membrane 
processes, namely inorganic fouling (scaling), biological fouling, 
colloidal fouling and organic fouling. 
Scaling: When the concentrations of sparingly soluble 
solutes/salts such as calcium sulphate, barium sulphate and 
calcium carbonate in the feed water become too high and exceed 
the solubility product, a supersaturated arises at high product 
water recovery, and the result is that precipitation may occur near 
or on the membrane surface, leading to severe membrane flux 
decline (Lin et al., 2005). Among the various salts that cause 
membrane scaling, calcium sulphate (gypsum) is one of the most 
commonly encountered scale compounds in the desalination of 
brackish water, and it is often most problematic because it cannot 
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be controlled by adjusting the pH (Lui et al., 2012; Chen et al., 
2013). 
Biofouling: A variety of microorganisms, including bacteria, fungi 
and yeasts are involved in membrane biofouling and the type of 
microorganisms occurring depend on the type of source water 
and the type of pre-treatment (Kim and Hoek, 2007). Since 
microorganisms are living cells; they grow, multiply and relocate 
on the membrane’s surface after the initial deposition and 
attachment. Microorganisms in biofilms are held together and 
protected by a matrix of excreted polymeric organic compounds 
and extracellular polymeric substances (EPS) which as a 
scaffolding to hold the biofilm together. The result is a formation 
of complex biofilm structure. Biofilm occurring in membrane 
systems may cause severe loss of performance, requiring the use 
of costly cleaning procedures to maintain output and quality 
(Belfort et al., 1994).  .  
Biofouling has the following adverse effects on membrane 
systems: membrane flux decline due to formation of a biofilm of 
low permeability on the membrane surface, damage to the 
membrane or membrane biodegradation caused by concentrated 
acidic by-products that are produced by microorganisms on the 
membrane surface and decreased salt rejection rate caused by 
the hindered back-diffusion of salt in the neighbourhood of the 
membrane surface.  
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Theoretically, biofouling can be separated into four stages: i) 
initial attachment and de-attachment, ii) irreversible attachment, 
iii) initial biofilm formation and iv) biofilm growth. The control of 
bacteria cell transportation, deposition and permanent 
attachment to the membrane surface is essential for controlling 
biofilm formation. The transportation and deposition of bacteria 
are affected by the system hydrodynamic conditions as well as 
solution chemistry. As a bacterium approaches the membrane’s 
surface, bacteria-membrane surface interactions start to play an 
important role. Membrane characteristics such as surface 
hydrophobicity, surface charge, functional groups and surface 
roughness may play a role in bacteria-membrane interactions. 
Bacterial characteristics such as surface charge (related to solution 
pH), growing phase and flagella motility play an important role in 
bacteria attachment. The lipopolysaccharides and extracellular 
polymeric substances on bacterial cell surfaces affect bacteria-
membrane surface interactions. 
Colloidal fouling: Colloidal particles are found in all natural waters 
and they cover a wide size range, from a few nanometres to a few 
micrometres (1 nm - 1µm) (Shirazi et al., 2010). Examples of 
aquatic colloids are clay minerals, colloidal silica, iron, aluminium 
and manganese oxides, etc. (Tang et al., 2011). The removal of 
colloidal material depends on pre-treatment due to their wide size 
range; in most membrane filtration applications most colloids are 
removed a prior via size exclusion in microfiltration. Most colloids 
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carry a negative surface charge in natural waters, thus colloidal 
matter can also be removed via coagulation/flocculation using a 
coagulant (i.e. FeCl3) that promotes aggregation and easy 
removal. However, some fractions of colloidal matter escape pre-
treatment and diffuse through “loose” membranes resulting in 
membrane fouling in the latter stages on the treatment chain 
(Long and Hawkes, 2009; Su et al., 2012; Xiong et al., 2013 ). The 
deposition of colloidal foulants is governed by some properties 
which include their size, shape, charge and their specific 
interaction with ions in the feed water (Shirazi et al., 2010). 
Colloidal fouling is controlled primarily by the surface forces 
between the particles and the membrane. These surface forces 
introduce on energetic barrier which determines the probability 
of effective particle collisions. This energetic barrier is greatly 
influences by water composition, ionic strength and surface 
characteristics of membrane (Shirazi et al., 2010). The attachment 
of a colloidal particle onto a surface (or the aggregation of 
colloidal particles) is best described by the extended Derjaguin-
Landau-Verwey-Overbeek (XDLVO) theory (Hong and Elimelech et 
al., 1997).  
Organic fouling: Organic fouling accounts for large portion of flux 
decline for both low and high pressure driven membrane 
processes. Just like colloidal particles, dissolved (natural) organic 
matter is ubiquitous in surface water and sewage (Holloway et al., 
2007). Dissolved organic matter is typically classed into three 
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categories according to the origin: (i) refractory natural organic 
matter (NOM) derived from drinking-water sources; (ii) synthetic 
organic compound entering wastewater via a number of routes, 
including human wastes and disinfection by-products generated 
during the treatment and disinfection of water and wastewater; 
and (iii) soluble microbial products formed during the biological 
treatment processes due to the decomposition of organic 
compounds and microbial metabolism (Amy, 2008). Most organic 
matter is negatively charged; these compounds contain functional 
groups such as carboxylic acids (-COOH), phenolic alcohols (-OH) 
and methoxy carbonyls (-C=O) that form anions which 
subsequently interact with divalent cations to form complexes 
(Bhattacharjee et al., 1994; Cornelissen et al., 1998; Tang et al., 
2007). Naturally existing calcium ions in water neutralize the 
negative charged organic matter fractions thus increasing 
deposition onto membrane surface. The most important property 
of organic matter is that its adsorption/deposition re-conditions 
the membrane surface characteristics and severely affecting the 
fouling behaviours of other types of foulants. It is rather difficult 
to make a clear distinction between certain types of fouling as 
there are so many areas of overlap, for example the bacterial 
extracellular polymeric substances occurring in biofouling can also 
be considered as organic fouling, and some organic 
macromolecules are also considered to be colloids. 
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1.2.4 Factors impacting fouling in FO membrane processes 
Membrane fouling is a result of complex physical and chemical 
interactions between foulants and the membrane surface. A 
significant amount of research has been done on the subject of 
membrane fouling in osmotic membranes (Cath et al., 2005; 
Bacchin et al., 2006; Kim and Hoek, 2007; Gkotsis et al., 2014). It 
seems that for FO, like in RO processes, fouling is linked to 
chemical interactions, such as Ca2+-binding between foulants 
amongst themselves and between membrane and foulants, 
hydrodynamic conditions (i.e., entrainment of foulants due to 
permeate flow and increased concentrations due to concentration 
polarisation, influenced by tangential shear stress (due to cross-
flow)) (Cath et al., 2005; Thorsen and Holt, 2009; Katsoufidiou et 
al., 2010), but also physical and chemical properties of the 
membrane influence fouling (Shirazi et al., 2005; Zhang et al., 
2012; Chen et al., 2013). Therefore, in summary, it can be stated 
that the eventual deposition of foulants on the membrane surface 
depends on the interplay of many factors that can be grouped 
into: feed-water characteristics, hydrodynamic conditions and 
membrane properties. Attempts to analyse membrane fouling 
have shown that the general mechanisms of fouling in osmotic 
membranes include adsorption, chemical interactions between 
solutes and membrane, gel formation and bacterial formation 
(Bhattacharjee et al., 1994; Hong and Elimelech, 1997; Kim and 
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Hoek, 2007; Shirazi et al., 2010).The actual effects of these factors 
are unpacked in the next sub-sections. 
1.2.4.1 Membrane surface properties and functionality 
The extent of fouling is largely dependent on the membrane-
foulant interactions during the initial stages of fouling and these 
interactions are in turn affected by the surface properties of the 
membrane. For non-porous osmotic membranes, membrane 
properties may affect fouling via (i) non-homogeneity and surface 
morphology (e.g., surface roughness, which affects both the 
hydrodynamic conditions and the surface interaction near/at the 
liquid-membrane interface); (ii) electrostatic interactions (i.e., 
interactions between surface charges of membrane and foulants); 
and (iii) non-electrostatic affinity interactions (van der Waals and 
Lewis acid-base interactions). In general, membranes with 
smoother and more hydrophilic surfaces are preferred for their 
improved resilience to foulant deposition and accumulation 
(Elimelech et al., 1997). 
Earlier studies comparing thin-film composite, polyamide 
membranes and cellulose acetate reverse osmosis membranes 
demonstrated that the hydrophilic cellulose acetate membranes 
with smooth membrane surfaces were less prone to colloidal 
fouling compared to the relatively more hydrophobic and rougher 
surface of polyamiade membranes; this was attributed to the 
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presumably lower shear rate over valley regions of the rougher 
surface of polyamide structures (Boussu et al., 2007; Bowen and 
Doneva, 2007). Using an atomic force microscope to carry out 
adhesion force measurements, Bowen et al., (2007) characterized 
the interaction force between a colloidal silica probe and a rough 
RO membrane surface. It was found that membrane surface 
roughness significantly reduced electrostatic repulsion between 
the colloid and the surface, and the valley regions experienced a 
greater adhesion force. On the other hand, in a study using 
reverse osmosis membranes conducted by Boussu et al., (2007) 
they suggested that, while colloidal fouling was affected by both 
membrane hydrophobicity and roughness, membrane 
hydrophobicity (which leads to attractive van der Waals and 
potentially Lewis acid-base interactions) seems to play a more 
significant role in promoting fouling.  
Similarly, Jin et al., (2009) demonstrated that the ideal properties 
for a RO membrane to deal with fouling, include being smooth 
and hydrophilic with no carboxyl groups (or any other negatively 
charged functional group, mainly to prevent specific binding to 
calcium and the formation of calcium bridges between foulants 
and membrane). This was established in their test on alginate 
fouling of seawater desalination membranes. In their study, they 
also tested a membrane with a hydrophilic poly(vinyl alcohol) 
coating which showed significantly better fouling resistance 
against alginate compared to the membrane without poly(vinyl 
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alcohol) coating. The main conclusion made from conducting 
other studies was that fouling can be mitigated or slowed down if 
the selective layer can be modified to being smooth, more 
hydrophilic and neutral, such that specific interaction with ions 
and foulants is limited (Zhu and Elimelech, 1997; Lee et al., 2007; 
Zhou et al., 2011). They also implied that membrane surface 
modification can be a promising way to produce fouling resistant 
membranes (e.g., surface coating, grafting, and/or 
embedding/coating of nanoparticles) (Song et al., 2011; Chou et 
al., 2012; Zhang et al., 2013). However, modification of the active 
layer is a trade-off between selectivity and permeability; in many 
cases fouling can be reduced, but this is accompanied by a 
decrease in pure water permeability - therefore systematic tests 
need to be undertaken before the optimal balance between the 
two is obtained. 
In addition to the chemical properties of the membrane surface, 
in FO processes the orientation of the asymmetric membrane has 
significant effects on membrane fouling as well, mainly due to the 
varying degrees of concentration polarization and the potential 
entrapment of foulants in the porous support. For instance, 
external concentration polarization has little effect in the forward 
osmosis mode, whereas it is more pronounced in the pressure 
retarded osmosis mode (Wang et al., 2010; Klaysom et al., 2013; 
Emadzadeh et al., 2014). In addition, for impaired water the 
forward osmosis mode with the active layer facing the feed gave 
Chapter 1: Introduction  
46 
 
stable fluxes with relatively high water recoveries compared to 
the pressure retarded osmosis mode, as the porous support layer 
facing the feed solution in PRO configuration provides a rough 
surface conducive to foulant deposition in the porous 
microstructure. Entrapment of foulants in the porous support 
structure also makes it more difficult for the foulants to be flushed 
away compared to the forward osmosis mode, where foulants are 
deposited on the smooth active surface layer (Mohammadi et al., 
2002). Therefore, it is stated that the forward osmosis mode 
should be selected in the case of a feed solution with a high 
fouling tendency (e.g. wastewater treatment or seawater 
desalination), while the pressure retarded osmosis mode is more 
useful when applied to feed solutions with a lower fouling 
tendency and low salinity (e.g. brackish water desalination).  
1.2.4.2 Feed water composition and chemistry 
The effect of feed water characteristics on any class of foulants 
has been extensively studied over the past few decades 
(Mohammadi et al., 2002; Cath et al., 2005; Bacchin et al., 2006; 
Cartinella et al., 2006; She, 2008; Zhang et al., 2012; Thelin et al., 
2013; Xie et al., 2013; Gkotsis et al., 2014). In general, the role of 
solution chemistry on membrane fouling is well understood for 
single foulant fouling, and it can mostly be explained via 
electrostatic interactions between representative model foulants 
and the membrane and the specific interaction between foulant 
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and background electrolytes (Park et al., 2008). Zhu and 
Elimelech, (1997) for example, studied fouling of RO membranes 
by inorganic colloids including both aluminium oxide and silica 
colloids under constant pressure conditions (Lee et al., 2004). Flux 
reduction occurred as a result of colloidal fouling. For both 
colloids, severe flux reduction was observed at high ionic 
strengths, high colloidal concentrations, and high initial permeate 
flux for RO membranes. It was suggested that the deposition of 
colloids may be determined by the coupled hydrodynamic 
permeation drag and the colloid–membrane (or colloid–
deposited–colloid) electrical double-layer interaction. Thus, the 
severe fouling under increased ionic strength can be attributed to 
the reduced electrostatic repulsion between the colloid and the 
membrane as well as that between the colloid and the already 
deposited colloidal cake layer. The cake layer can also induce 
cake-enhanced osmotic pressure (CEOP), which is closely related 
to cake-enhanced concentration polarization due to hindered 
back diffusion of salts/solutes from the fouling layer back the bulk 
solution, leading to an elevated concentration and thus osmotic 
pressure near the membrane surface (due to the deposited 
colloidal layer), is known to negatively affect flux in forward 
osmosis and pressure driven membrane processes (Chong et al., 
2008). 
The effect of ionic strength was also confirmed by Park et al, 
(2008) who studied fouling behaviour of both 0.1 μm and 3 μm 
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silica particles under various solution chemistry conditions. Severe 
flux reduction was reported at higher ionic strengths due to the 
reduced electrostatic repulsion between colloid particles. Other 
findings by different researchers were also consistent with the 
previously mentioned observations that an increase in feed ionic 
strength reduced electrostatic repulsions between colloids and 
membrane as well as amongst colloidal particles (Heinemann et 
al., 1998). This subsequently leads to easy foulant deposition 
manifested as severe permeate flux loss. Lee et al., (2004) 
reported that the addition of divalent calcium ions (mainly under 
the form of Ca2+) increased flux reduction, an observation 
attributed to the compression of the electrical double-layer 
thickness and specific binding of calcium. They also reported that 
as a result of silica colloidal fouling, salt rejection by the fouled 
membranes was drastically reduced, which suggests that cake-
enhanced concentration polarization was important in silica 
fouling (Zhu and Elimelech, 1997). Apart from the colloids 
discussed in this section, a few other studies have been conducted 
with calcium phosphate, iron and manganese oxides, as well as 
aluminium silicate crystals (Mo et al., 2008). There is a need for 
more systematic research on these colloids, particularly those that 
are frequently found in seawater and wastewater.  
Similar effects of ionic strength were observed with organic 
macromolecules. In addition to surface charge neutralization and 
reduction in electrostatic repulsions; divalent cations (Ca2+ and 
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Mg2+) were found to form complexes and bridges with the 
carboxyl functionalities on foulants to form gels that get 
deposited onto the membrane surface resulting in a drastic 
decrease in permeate flow (Yuan and Zydney, 2000).  
Many studies on organic fouling of pressure-driven osmotic 
membranes has been performed using polysaccharides (alginate), 
humic acids and proteins (BSA) as model foulants, due to their 
important roles in membrane fouling (She et al., 2009). 
Membrane fouling due to alginate and humic acid (which is 
representative of polysaccharides and humic substances in 
wastewater) was reported to be more severe at lower pH and 
higher ionic strength due to reduced electrostatic repulsive force 
amongst foulant particles and the membrane surface as well 
(Braghetta et al., 1988). These studies also revealed that alginate 
fouling was adversely affected by divalent cations such as Ca2+ and 
Mg2+due to specific ion interactions, but the effect of Ca2+ was 
much more drastic compared to the mild effect of Mg2+. The 
severe adverse effect of calcium on alginate fouling was probably 
due to the specific interaction between Ca2+ and alginate to form 
an extensive gel-like structure. 
1.2.4.3 Operational conditions 
Membrane fouling is also strongly dependent on the operating 
conditions, such as the cross-flow velocity, which determines 
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hydrodynamic conditions close to the membranes, feed water 
recovery, and temperature (Mohammadi et al., 2002; Ge et al., 
2013; Xie et al., 2013). The effect of hydrodynamic conditions can 
be readily understood via mass transfer considerations. In a cross-
flow system, particles are transported towards the membrane 
surface due to the permeate flow (perpendicular to the 
membrane surface) while the cross-flow (tangential to the 
membrane surface) induces shear erosion, lifting retained 
particles away from or near the membrane surface (i.e. 
concentration polarization of the foulants). Many fouling studies 
have emphasized the effect of permeate flux and cross-flow rate 
on osmotic membrane fouling, mainly for pressure-driven 
processes.  
Several studies performed using the various common model 
foulants, namely inorganic colloids (aluminium oxide and silica) 
and macromolecules (natural organic matter, bovine serum 
albumin, and alginate) (Votta et al., 1974; Cath et al., 2005; Lin et 
al., 2005; Lee et al., 2010; Li et al., 2014), collectively and 
consistently demonstrated that fouling tends were promoted at 
higher flux. This observation was attributed to: (i) larger permeate 
volumes (and thus greater amounts of foulant approaching the 
membrane); (ii) more severe concentration polarization; and (iii) 
greater hydrodynamic drag towards the membrane surface. Tang 
et al., (2010) further hypothesized that the rate of fouling is 
determined by the frequency of foulants colliding with the 
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membrane surface as well as the corresponding probability of 
foulant attachment to the surface resulting from such collision 
events (i.e. the attachment coefficient – this is dependent on 
electrostatic and non-electrostatic affinity effects). Braghetta et 
al., (1988) reported more severe NOM fouling at reduced cross-
flow velocity. Similar results were also observed for other 
inorganic colloids (Votta et al., 1974) and macromolecules (Lin et 
al., 2005). 
1.2.5 Reverse salt diffusion and fouling  
In order to understand the intractable problem of internal 
concentration polarisation which in turn is linked to fouling; it is 
important to understand the fundamentals of solute transport 
through an osmotic membrane. Simultaneous solute flux from the 
draw solution into the feed solution can change its composition 
and exacerbate fouling. The flow of a solute particle from the 
draw solution into the feed solution involves transport across 
three regions. These include the porous support layer, the dense 
selective layer and the boundary layer. The solute transport in the 
boundary layer and the support layer is governed by both 
diffusion and convection, while transport in the dense selective 
layer is controlled only by diffusion (Hancock et al., 2011).  
As already highlighted in the FO process, a highly concentrated 
draw solution is place opposite to the feed solution, which is 
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separated by a semi-permeable membrane. The difference in the 
chemical potential across the membrane induces water flow from 
the feed to the draw solution side. However, this desired water 
flow is also accompanied by a concomitant transport of draw 
solutes to the feed side. This phenomenon of reverse diffusion of 
draw solutes to the feed solution is unavoidable in the current 
stage of FO technology. Mainly due to current draw solutes and 
FO membranes (minimizing reverse salt diffusion). Recently, 
several attempts have been made to understand this mechanism 
and to quantify. 
Reverse solute diffusion contributes to fouling through cake-
enhanced osmotic pressure (CEOP), particularly during colloidal 
fouling (Chong et al., 2008). With this phenomenon, the deposited 
cake layer hinders the back diffusion of salt into the bulk feed 
solution thereby resulting in elevated osmotic pressure near the 
membrane surface. The elevated osmotic pressure near the 
membrane surface leads to a substantial drop in the net driving 
force and thus, results in a significant decline in permeate flux 
decline. Reverse salt diffusion was found to depend on hydrated 
ion’s size (ion solvation and hydrodynamic size). 
A better understanding of these effects (RSD effects) will allow for 
the development of systems that compensate for the deleterious 
impacts of reverse solute permeation. Additionally, the 
fundamental knowledge gained from these studies can be used to 
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guide the development of membranes for PRO process, where 
more permeable membranes may have advantages over selective 
membranes. Reverse solute diffusion of draw solute (especially 
divalent cations) can change the feed solution chemistry, and if 
the feed contains organic foulants such as polysaccharides, 
proteins and humic substances it can interact resulting in complex 
membrane fouling, it can also depend on the cation and anion 
type.   
1.2.6 Concentration polarization and its relationship with 
membrane fouling 
Internal concentration polarization is an inherent phenomenon of 
the FO process and its deleterious effects are further aggravated 
by the formation of a fouling/cake layer. Concentration 
polarization and fouling are closely related; however, fouling 
differs in that it involves the deposition of foulants (a new solid 
phase) on the membrane surface that introduces additional 
hydraulic resistance (Mehta and Loeb, 1978; Sablani et al., 2001; 
Gray et al., 2006; McCutcheon and Elimelech, 2006; Phillip et al., 
2010; Tang et al., 2010; Zhao and Zou, 2011). As previously 
mentioned, concentration polarisation can affect membrane flux 
in various ways, and in the presence of a porous cake layer the 
back-diffusion of solutes can be increasingly hindered by the 
unstirred cake layer, compared to a stirred bulk (McCutcheon and 
Elimelech, 2006; Tang et al., 2010). This can significantly enhance 
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concentration polarization resulting in a phenomenon called cake-
enhanced concentration polarization. The solutes in this 
“unstirred” deposit layer are not exposed to the tangential shear 
stresses as compared to those in a free flow channel. Thus, the 
concentration and the osmotic pressure of solutes at the 
membrane wall are greatly enhanced, reducing flux beyond the 
effect of added hydraulic resistance.  
In a porous cake layer (e.g. colloidal silica cake layer) the cake 
enhanced concentration polarization effect has been stated to be 
the dominant mechanism of permeate flux loss, especially, for 
cake layers of larger particles, in which the cake hydraulic 
resistance is relatively small, but which still significantly hinder 
back diffusion of salts and thus increase concentration 
polarisation (McCutcheon and Elimelech, 2008). In addition, the 
permeate concentrations could also be raised due to cake-
enhanced concentration polarization, resulting from higher solute 
concentrations at the membrane surface compared to the bulk 
feed. Cake-enhanced concentration polarization has been 
reported to be influenced by various factors such as permeate 
flux, cross-flow velocity, particle concentration and size, and ionic 
strength (Holloway et al., 2007). However, the CECP effect has 
only been successfully assessed and modelled with single foulants 
and single-sized particles, presenting opportunities to assess the 
CECP effect also in other complex colloidal and mixed foulant 
systems. 
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1.2.7 Foulant-membrane and foulant-foulant interactions 
The initiation of the fouling process mostly depends on the 
foulant-clean-membrane interactions (Brant and Childress, 2002; 
van Oss, 1993; van Oss 2007). This is because membrane surface-
foulant interactions are more dominant (occurs) during the initial 
stages of fouling when the membrane surface is still (partly) clean 
not modified by the deposited foulants. At the beginning of 
filtration, foulant deposition is thus mainly governed by the clean 
membrane and foulant interaction. The eventual accumulation of 
foulants on the membrane is influenced by a complex interplay of 
forces such as permeation drag on the foulant caused by 
convective flux towards the membrane surface, cross-flow 
induced uplifting of foulants from the surface, electric double-
layer interactions between charged foulants and membrane 
surfaces, as well as non-electrostatic forces (Tang et al., 2007).  
The combined impact of these forces on membrane fouling 
behaviour can be better understood using the XDLVO approach 
(Brunt and Childress, 2004). This approach stipulates that the 
interaction energy between two solid materials immersed in a 
solvent is the sum of three key interfacial interactions: Lifshitz van 
der Waals (LW), Lewis acid-base (AB) and electrostatic double-
layer (EDL) interactions (Luner and Oh, 2001), as expressed by Eq. 
(1.14): 
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 𝑈𝑋𝐷𝐿𝑉𝑂 =  𝑈𝑚𝑙𝑓
𝐿𝑊 + 𝑈𝑚𝑙𝑓
𝐸𝐿 + 𝑈𝑚𝑙𝑓
𝐴𝐵   (Eq. 1.14) 
Where: 
 ULW is the LW interaction term (mJ/m2),  
 UEL is the EL interaction term, (mJ/m2) 
 UAB is the AB interaction term, (mJ/m2)  
 
The subscripts m, l, and f correspond to the membrane, liquid 
(feed solution) and foulant, respectively. 
 
The electrostatic interaction between a particle and a surface (or 
that between two foulant particles) is repulsive if they have 
similar charges, and it is attractive for oppositely-charged 
particles/surfaces, and can be approximated using zeta potential 
measurements (Chen et al., 2012).  
The acid-base interactions that are part of the non-electrostatic 
interactions, account for short-range interactions between two 
material surfaces and the water molecules that lie between them. 
These interactions and can either be attractive (e.g., between 
hydrophobic surfaces) or repulsive (for hydrophilic surfaces due to 
hydration force) (Luner and Oh, 2001). Fundamentally, Lewis acid-
base interactions involve sharing of unpaired electrons among 
polar surface functional groups, water molecules, and polar 
functional groups on the opposing surface (Luner and Oh, 2001). It 
has also been demonstrated that the polar acid-base interaction 
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can be more significant than the non-polar Lifshitz-van der Waals 
(LW) component in the presence of a solvent (i.e. water) (Hurwitz 
et al., 2010). In addition, for a foulant under elevated ionic 
strength environment (e.g., in seawater) where the electrostatic 
interaction is minimized due to electric double layer compression, 
foulant-membrane and foulant-foulant interactions can be 
dominated by the acid-base interactions (Chen et al., 2012). It has 
been demonstrated by several investigators that polar or acid-
base interactions can significantly alter the interaction between a 
membrane surface and an approaching colloidal particle (Gourley 
et al., 1994; Bouchard et al., 1997). Purportedly, the acid base 
interactions provide a more comprehensive accounting of the 
interactions present in aqueous media.  
Several investigators have reported that the XDLVO theory have 
successfully provided predictions of particle aggregation and 
membrane fouling (van Oss, 1993; Zhu and Elimelech, 1997; Zhou 
et al., 2011; Chen et al., 2012). Brant and Childress found that the 
interactions between three different RO membrane types (CD, FT-
30 and CE) and one type of silica colloids were dictated by the 
surface energies of the colloids (Xiao et al., 2011; Chen et al., 
2012). Jin et al., (2009) reported that foulant-membrane 
interactions determined from the XDLVO approach correlated 
quite well membrane fouling behaviour by alginate at seawater 
level ionic strength. They also revealed that the Lewis acid-base 
interfacial energies quantitatively described the impact of 
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calcium-carboxylate complex formation when calcium was added 
to the feed water. Interaction energies were found to be strongly 
affected by various physicochemical parameters such as particle 
size, surface charge (or zeta potential), and surface roughness 
(Subhi et al., 2012). The solution chemistry (pH, ionic strength, 
and ions that can form specific interactions with the foulants) is 
also very important (Troger et al., 1997).  
However, more studies need to be conducted for complex feed 
streams bearing more than one class of foulant and improvement 
is required on prediction models to better understand the fouling 
phenomenon in membrane filtration and the link with foulant-
foulant and foulant-membrane interactions.  
1.3 Membrane cleaning 
The main consequences of fouling for osmotic membranes 
typically are: flux decline, permeate quality deterioration and an 
increase in energy consumption (higher pressures need to be 
applied to achieve constant flux). Therefore, fouling mitigation is 
very important. Possible fouling mitigation methods include feed 
pre-treatment, membrane active layer modification, varying 
operating conditions, and membrane cleaning (Ang et al., 2006; 
Fritzmann et al., 2007; Shannon et al., 2008; Abdelrasoul, 2013). 
Since fouling is practically inevitable in membrane filtration, 
membrane cleaning has become the most effective and most 
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widely used strategy to mitigate fouling and reinstate initial 
process performance (Ang et al., 2006; Alzahrani et al., 2013). 
Membrane cleaning can be classified as physical when it involves 
mechanical forces that can dislodge and remove foulants from the 
membrane surface. Chemical cleaning involves the use of a 
specific cleaning agent that weaken the foulant-membrane 
adhesion forces, dissolve the foulant and eventually removes it 
from the membrane surface (Kim et al., 2012). Though chemical 
cleaning is the most common method used, precautions have to 
be taken when selecting the cleaning agent since it has to be 
compatible with the membrane and foulant type.  
Most chemical cleaning agents are commercially available; they 
are often mixtures of chemical agents, and many of them are 
recommended by membrane manufacturers according to the type 
of foulant, although in most cases the actual composition is not 
clearly specified (Alzahrani et al., 2013). In general, acids (nitric, 
phosphoric, hydrochloric, sulphuric and citric) are often used to 
remove precipitated salts or scalants due to the pH dependency of 
the foulants. While alkaline cleaning is effective in removing 
organic fouling, this is mainly due to their ability to hydrolyse and 
solubilise organic materials like polysaccharides and proteins. 
Other categories of chemical cleaning agents are: metal-chelating 
agents, surfactants and enzymes (Kim et al., 2012). In addition, 
disinfectants (O3), oxidants (H2O2, KMnO4) or sequestration agents 
(EDTA) may also be used for chemical cleaning of membranes 
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(Schurr, 1977; Sagiv and Semiat, 2005). Therefore, chemical 
cleaning often contributes to the inflated costs of treating water 
and physical cleaning methods are deemed as attractive when the 
needed cleaning energy is lower than chemical costs. 
The most common physical cleaning methods include forward and 
reverse flushing of the feed channel, hydraulic backwashing, air 
scouring and osmotic backwashing (Ang et al., 2006; Alzahrani et 
al., 2013). Hydraulic backwash involves the use of 
hydraulic/external pressure countering the previous water 
permeation direction, towards the fouling layer and uplifting it off 
the membrane. In typical salt rejecting membranes, hydraulic 
backwash is not applied due to excessive hydraulic pressures 
required, and/or the risk of delamination of the top layer of the 
membrane in thin film composite membranes. However, osmotic 
backwashing is the most interesting technique for forward 
osmosis processes. During osmotic backwash the draw solution is 
replaced with ultrapure water at desired intervals leaving the 
concentrated feed to act as a secondary draw solution. Water 
then permeates towards the fouling layer (due to osmotic 
pressure difference between the residual feed and the pure 
water), dislodging and uplifting it from the membrane surface. 
The loose fouling layer is then swept off the membrane by high 
cross-flow velocities across the membrane. The main advantages 
of the osmotic backwash process include simplicity and its not 
harsh to the membrane thus membrane life is sparred from 
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chemical induced erosion. It is relatively effective and its low cost 
as it requires no additional parts (Strnd et al., 1982; Schatzel, 
1987).  
1.4 Background on foulant and membrane characterization 
techniques 
Earlier sections gave a detailed account of the countless efforts 
made in understanding the subject of fouling in membrane-based 
filtration systems, though most of the studies on fouling in 
osmotic membranes were performed on pressure-driven 
membrane systems and only a few on FO systems. As stated 
above, in general, membrane fouling is greatly influenced by a 
complex interplay between foulant physicochemical properties, 
membrane surface properties and process hydrodynamic 
conditions. The specific membrane and foulant properties 
influencing fouling however need to be better understood to 
better understand fouling. This can be done using a range of 
qualitative and quantitative techniques. Appropriate assessment 
techniques provide the information required to gain a better 
understanding of foulant-membrane interactions that occur at the 
membrane surface during filtration and actual fouling. The 
background on the techniques used in this research study is 
discussed in the next sections.  
Chapter 1: Introduction  
62 
 
1.4.1 Dynamic light scattering (DLS) and zeta potential 
The DLS technique measures the Brownian motion of particle and 
relates that to their size (that is, it measures how a particle 
diffuses within a fluid). In principle, when light impinges on 
matter, the electrical field of the light induces an oscillating 
polarization of electrons in the molecules, hence molecules 
produce a secondary source of light and subsequently scatter 
light. The frequency shifts, the angular distribution, the 
polarization and the intensity of the scatter light are determined 
by the size, shape and molecular interactions in the scattering 
material. Particles suspended in a solvent move randomly due to 
the bombardment by the solvent molecules that surround them 
(Hamsiluwat et al., 2006). The larger the particle, the slower the 
Brownian motion will be, while smaller particles are “pushed” 
further by the solvent molecules and move more rapidly (Khayet, 
2004; Hamsiluwat et al., 2006). The measurement of the particle 
size is hugely influenced by the ambient temperature which in 
turn affects the solution’s viscosity (Gumi et al., 2003). The 
velocity of the Brownian motion is defined by a property known as 
the translational diffusion coefficient (usually given by the symbol, 
D). The size of the particle is calculated from the translational 
diffusion coefficient using the Stokes-Einstein equation (Eq. 1.15):  
  𝑑ℎ =
𝑘𝑇
3𝜋𝜂𝐷     (Eq. 1.15) 
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Where: 
 dh is the hydrodynamic diameter (nm) 
 D is the translational diffusion coefficient 
 k is the Boltzmann constant 
 T is the absolute temperature (T) 
 η is the viscosity of the solvent (Pa s) 
 
This technique is usually used to measure/monitor changes in 
foulant particle sizes upon interaction with specific ions or other 
foulants in the feed solutions. 
 
1.4.2 Contact angle 
The contact angle is defined as the angle formed by the 
intersection of the liquid-solid interface and the liquid-vapor 
interface (geometrically acquired by applying a tangent line from 
the contact point along the liquid-vapor interface in the droplet 
profile). The interface where solid, liquid, and vapor co-exist is 
referred to as the three phase contact line. More specifically, a 
contact angle less than 90° indicates that wetting of the surface is 
favorable, and the fluid will spread over a large area on the 
surface; while contact angles greater than 90° generally means 
that wetting of the surface is unfavorable so the fluid will 
minimize its contact with the surface and form a compact liquid 
droplet (Wolansky and Marmur, 1999; Schiebl et al., 2012; Subhi 
et al., 2012). For example, complete wetting occurs when the 
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contact angle is 0°, as the droplet turns into a flat puddle. For 
super-hydrophobic surfaces, water contact angles are usually 
greater than 150°. Calculations based on measured contact angle 
values yield an important parameter—the solid surface tension, 
which quantifies the wetting characteristics of a solid material. 
Contact angle measurements are not limited to liquid sessile drop 
measurements only, instead of forming a liquid sessile drop above 
the solid sample, an air bubble can be formed beneath the solid 
sample, which is immersed in the testing liquid. The contact angle 
formed by the air bubble in liquid can also be directly measured. 
The technique is widely referred to as the captive bubble method. 
Typically, a small amount of air is injected into the liquid of 
interest to form an air bubble underneath the solid surface. The 
captive bubble method has the advantage of ensuring that the 
surface is in contact with a saturated atmosphere. The captive 
bubble method is most suitable for high energy surfaces which 
won’t give a measurable angle with the sessile drop method. The 
determination of foulant-membrane interfacial energies can also 
be performed using the automated atomic force microscopy 
(AFM) (Gumi et al., 2003). 
1.4.3 Zeta potential and streaming potential 
The zeta potential is a function of the surface charge which 
develops when any material is placed in a liquid (Chiu and James, 
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2007). When a solid surface is in contact with an aqueous 
solution, the formation of an interfacial charge causes a 
rearrangement of the local free ions in the solution to produce a 
thin region of non-zero net charge density near the interface 
(Deshmukh and Childress, 2001). The arrangement of the charges 
at the solid– liquid interface and the balancing counter-ions in the 
liquid is usually referred to as the electrical double layer (Canas et 
al., 2001).There is a thin layer of counter-ions immediately next to 
the charged solid surface, called the compact layer. The counter-
ions in the compact layer are immobile due to the strong 
electrostatic attraction. Counter-ions outside the compact layer 
are mobile. This part of the electrical double layer is called the 
diffuse layer. The zeta (ζ) potential is the electrostatic potential at 
the boundary dividing the compact layer and the diffuse layer 
(Elimelech et al., 1994). It is a very good index of the magnitude of 
the electrostatic repulsive/attractive interactions between 
particles. The zeta potential is commonly used to predict and 
control dispersion of charged particles in a solution.  
The interaction of colloidal particles with membrane surfaces in 
aqueous media is dependent on, among other variables, the zeta 
potential (electrokinetic potential) of the membrane surface 
compared to that of the particles (Tay and Song, 2005). In turn, 
this is controlled by the surface chemistry of the membranes and 
the particles, as well as by the chemistry of the solution. Hence, 
the determination of the zeta potential of the membranes in use 
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at various solution chemistries is also of paramount importance. 
For macroscopic surfaces, as in the case of polymeric RO 
membranes, the zeta potential can be determined by the 
streaming potential technique. When brought into contact with 
an aqueous electrolyte solution, polymeric membrane surfaces 
acquire an electric surface charge through several mechanisms. 
These mechanisms include dissociation (ionization) of surface 
functional groups, and adsorption of ions from solution (Canas et 
al., 2001). 
Streaming potential measurements can be used to give an 
indication of this surface charge, and are performed by applying a 
pressure gradient along the top surface of the membrane 
(tangential streaming potential) (Elimelech et al., 1994). Zeta 
potential is derived from the streaming potential using the 
Helmholtz–Smoluchowski relation. 
1.4.4 Scanning electron microscopy (SEM) 
A deeper understanding of the surface morphology of polymeric 
materials and powders may be attained through the use of the 
scanning electron microscopy technique (Aydiner et al., 2012). For 
absolute micrographs, the surface of the sample should be 
charged, which is usually achieved through sputtering the surface 
with a thin layer of gold metal or carbon. In a scanning electron 
microscope, a finely collimated beam of electrons is focused into a 
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small probe that scans across the surface of a specimen. The 
interactions between the electron beam and the specimen result 
in the emission of electrons and photons from the specimen. The 
emitted particles are collected with the detector to produce 
information about the surface of the sample and the result is an 
image of the surface such as the images shown in Figure 1.4; 
showing scanning micrographs of a clean and fouled cellulose 
triacetate membrane.  
The information obtained from the scanning electron microscope 
can be further complemented by coupling with an energy 
dispersive X-ray spectrometer in order to obtain an elemental 
analysis of a fraction of the specimen. During scanning, the 
specimen atoms are excited by the energy from the electron 
beam, emitting specific wavelengths of X-rays that are 
characteristic of the atomic structure of particular elements. An 
energy-dispersive detector can analyze these characteristic X-ray 
emissions and assign them to corresponding elements. Hence the 
elemental composition of the specimen surface is determined. In 
membrane technology scanning electron microscopy is used to 
gain an understanding of the surface morphology of polymeric 
materials, as well as observing fouling layer morphology (Tay and 
Song, 2005). The added accessory of energy dispersive X-ray 
spectroscopy is used to determine the elemental composition of a 
cake layer and other foulants adsorbed on the membrane surface.  
Chapter 1: Introduction  
68 
 
 
 
Figure 1.4: Typical SEM micrographs showing a) the active layer of 
a clean CTA membrane and b) a CTA membrane covered by an 
alginate gel layer. 
1.4.5 Fourier transform infrared (FT-IR) spectroscopy 
Infrared spectroscopy provides a simple and rapid qualitative 
technique that provides evidence of the presence of various 
functional groups present in a given sample. In fourier transform 
infrared spectroscopy, the spectrum is obtained by passing 
infrared radiation through a sample and determining what 
fraction of the incident radiation is adsorbed at a particular 
energy. The energy at which any peak in absorption spectrum 
appears corresponds to the frequency of a vibration of a part of 
sample molecule (Stuart, 2004). Sample analysis using the 
(a) (b) 
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attenuated total reflectance infrared accessory involves the 
infrared beam being passed onto the sample and reflected back 
on the diamond crystal. Thus measurement only occurs on part of 
the sample and the penetration depth is limited. 
The frequencies and intensities of the infrared absorption bands 
exhibited by a chemical compound are presented in a spectrum 
which is used to uniquely characterise, identify and quantify a 
particular substance in an unknown sample, just like the example 
given in Figure 1.5 which shows the presence of acetate –C-C-O 
stretching at 1224 cm-1, as well as other carbon based 
functionalities. The fourier transform infrared technique is often 
used to determine and identify the functional groups present on 
the membrane surface, and more particularly in the selective 
layer. It is also useful in monitoring surface functionality changes 
during membrane preparation, or even upon fouling. However, 
due to the penetration depth of the beam it is always difficult to 
get accurate analysis of the selective layer without interference of 
the support layer.  
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Figure 1.5: FT-IR spectrum of a clean CTA membrane showing 
functional peaks that are due to specific stretching and vibration 
of bonds within functional groups. These peaks are specific to 
certain functional groups such as carbonyls and carboxylic acids. 
1.5 Motivation 
Seawater desalination and wastewater reclamation have been 
reported as a promising alternative to counter the increasing 
water demands and depleting natural water sources. Seawater 
and wastewater serve as reliable (in terms of quantity) sources for 
potable water production since they are independent of the 
hydrological cycle, that is their volume varies little through the 
year (Votta et al., 1974; Kravath and davis, 1975; Baker, 2004; 
Cath, 2010; Bamaga et al., 2011; Mattai et al., 2011; Hoek et al., 
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2012; Macedonio et al., 2012). However, the water from these 
sources is not fit for direct human utilization since it contains 
numerous foreign substances, thus the requirement for several 
treatment stages to an acceptable quality level prior to use. 
Wastewater effluent contains dissolved and colloidal organic 
matter, commonly known as effluent organic matter (EfOM) 
which comprises polysaccharides, proteins, amino-sugars, nucleic 
acids, humic and fulvic acids as well as inorganic colloidal matter 
(Hoek et al., 2012; Zhang et al., 2012), while seawater contains 
dissolved salts, silt, aluminium silicates and colloidal silica as well 
as marine organic matter and biological matter (Holloway et al., 
2007; Cath, 2010).  
The organic portion of all these substances boasts abundant 
surface functionalities that interact with the membrane surface, 
other foulants and multivalent ions which complicates the fouling 
process during membrane treatment of these water types (Park et 
al., 2008; Zhang et al., 2012). The abundance of cationic species in 
seawater has been reported to drastically alter the membrane 
fouling behaviour and foulant characteristics resulting in unique 
and complicated fouling mechanisms (Mattai et al., 2011). As 
previously described, the type and extent of membrane fouling is 
influenced by a variety of factors such as feed water 
characteristics (foulant particle size and charge), membrane 
surface physicochemical properties (surface charge, roughness 
Chapter 1: Introduction  
72 
 
and hydrophobicity) and operating conditions (cross-flow velocity 
and trans-membrane pressure) (Cath, 2010).  
This area of research (membrane fouling) has been well studied 
and understood for pressure-driven osmotic membranes through 
conducting experiments with single well-characterized foulants 
(representative model foulants) for low ionic strength feed 
solution environments (Phillip et al., 2010). However, in order to 
assess the feasibility of successfully applying forward osmsois for 
seawater desalination, or seawater pre-dilution with impaired 
water, there is a need to investigate and explain the exact fouling 
mechanisms under high-saline and impaired water conditions. 
Hence in this study we sought to gather more information to 
enhance knowledge about the interactions between 
representative foulants (organic and colloidal foulants) and the 
membrane that influence the permeate flux loss rate in forward 
osmosis systems. The knowledge acquired from this study will not 
only assist in gaining further insight into the mechanisms that 
govern organic and colloidal fouling in forward osmosis 
membranes, but will also furnish researchers with the knowledge 
required to develop appropriate fouling-mitigation strategies, 
namely to develop precise and effective strategies for fouling 
control, as well as effective membrane-cleaning regimes. The 
overall objective is to build on existing knowledge in order to 
enable more sustainable application of forward osmosis 
membrane technology in water treatment. 
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1.6 Thesis overview 
1.6.1 Thesis scope 
The aim of this thesis was to investigate, identify and understand 
the key fouling mechanisms that are involved during the filtration 
of synthetic seawater and wastewater feed streams using the 
forward osmosis process. The fouling potential of model foulants 
and membrane fouling behaviour were monitored using permeate 
flux decline during filtration experiments. The operating 
parameters that had a significant effect forward osmosis 
membrane fouling were determined and discussed throughout 
this thesis. After gaining insight into the membrane-foulant 
interactions that lead to permeate flux decline, membrane 
cleaning/fouling reversibility strategies were developed through 
the optimization of osmotic backwashing. The thesis is divided 
into 7 chapters with each chapter focusing on the various aspects 
that influence permeate flux decline during seawater and 
wastewater filtration. 
Chapter 1 provides an overview of osmotically driven membrane 
processes (OMPDs), their operating principles and fouling 
propensities. The types of fouling and factors affecting fouling in 
FO processes are described in this chapter, including an overview 
of tested fouling control and membrane cleaning strategies in 
existing literature. This chapter also highlights the membrane and 
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foulant characterization techniques that aid in giving a better 
insight into foulant deposition and accumulation.  
Chapter 2 gives detailed descriptions on the materials, laboratory 
scale testing units and the series of systematic experimental 
procedures used in performing fouling tests. Information on the 
different spectroscopic and microscopic techniques used to 
interrogate surface and intrinsic properties of membranes and 
foulants.  
The details of the first attempt to investigate the influence/impact 
of membrane structural properties and solution chemistry on the 
fouling behavior of FO membranes during filtration of alginate 
feed solutions at seawater ionic strength are described in Chapter 
3. The alginate was selected to represent extracellular polymeric 
substances (EPS) characteristic of algal excretion in marine 
environments. Divalent cations such as Ca2+ and Mg2+ were also 
added to the feed matrix. The feed ionic strength was adjusted to 
seawater level (0.5 M) and this ionic strength was found to 
influence fouling (and thus permeate flux loss) by reducing 
alginate-alginate repulsions thus promoting aggregation and 
subsequent foulant deposition. The FO mode was found to be 
more resilient to foulant deposition but more prone to internal 
concentration polarization (ICP). Alginate fouling potential was 
enhanced by the presence of calcium ions through alginate-Ca2+ 
complexation and attachment to the membrane surface occurred 
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during the initial stages of filtration. This was further enhanced by 
the strong permeation drag towards the membrane surface. 
After determining the influence of the interplay between foulant-
membrane interactions and hydrodynamic parameters on 
permeate flux during single organic foulant fouling in experiments 
mimicking seawater and diluted seawater desalination; the next 
chapter took this research one step further towards a real-world 
situation by mixing alginate with colloidal silica representative of 
suspended colloidal matter in seawater; this is described in 
Chapter 4. The aim was to determine the impact of foulant-
foulant interactions on membrane flux loss rate. It was revealed 
that silica colloids on their own did not result in severe permeate 
flux loss. When they co-existed with alginate in the presence of 
divalent cations, no evidence of synergy in fouling was observed 
between these foulants; instead, the combined fouling behaviour 
resulted in a permeate flux loss trend similar to that of alginate 
fouling alone. A new approach of investigating the effect of 
combined foulants on membrane fouling was explored by 
performing a series of sequential fouling experiments using the 
two foulants in alternating sequences. It was found that alginate-
colloid interactions were governed/dominated by alginate-Ca2+ 
complexation, through the alginate adsorption on the surface of 
the silica colloids.  
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In Chapter 5, the application of the FO process was extended to 
treating feed water simulating wastewater effluent. The fouling 
potential of effluent organic matter (EfOM) was determined using 
feed streams bearing bovine albumin serum (BSA), alginate, 
octanoic acid (OA) and humic acid (HA) representative of proteins, 
polysaccharides, fatty acids and humic substances in wastewater 
effluent. The newer generation high flux thin-film composite (TFC) 
membrane was used to determine the fouling characteristics of 
each major (EfOM) component. The implications of EfOM fouling 
on wastewater reclamation were also investigated by combining 
two or more foulants in the presence of calcium ions during 
fouling experiments. The experimental work revealed that 
membrane fouling by polysaccharides and protein matter caused 
severe permeate flux loss compared to that caused by fatty acids 
and humic substances.  
In Chapter 6 the efficiency of a simple osmotic backwash process 
in cleaning FO membranes fouled with sodium alginate was 
evaluated. The influence of osmotic pressure during backwashing 
was determined by varying the concentration of the draw 
solutions during cleaning. The effect of cross-flow velocity was 
investigated by setting the draw solution cross-flow velocity 4.0, 
7.0 and 10 cm s-1 during membrane cleaning. It was found that the 
permeation rate (permeate flux) had a major effect on the 
efficiency of osmotic backwash. However, it was observed that 
increasing the backwash draw solution beyond 1.5 M lowered the 
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cleaning efficiency. On the other hand, increasing cross-flow 
velocity was found to have only a minor influence on osmotic 
backwash cleaning efficiency over 30 minutes. Lifting the fouling 
layer (gel layer) from the membrane surface was found to be due 
to a combined effect of reverse permeation and shear-induced 
erosion caused by the cross-flow velocity of the bulk solution. The 
osmotic backwash process was successful in restoring membrane 
flux. 
Chapter 7 gives a general discussion of the important conclusions 
made in this study. It also gives suggestions for further research 
development in the field of membrane fouling associated with FO 
systems used for seawater desalination and wastewater 
reclamation.  
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CHAPTER 2:  
Materials and Methodology 
 
2.1 Introduction  
In this chapter step by step descriptions of the experimental 
procedures followed to achieve the aim and objectives of this 
thesis are given. It also provides an inventory of the model 
foulants used to simulate seawater and wastewater effluent. The 
details on the laboratory scale forward osmosis units used for 
conducting the series of membrane fouling tests are also 
provided. It also provided detailed information of the foulant and 
membrane characterization techniques used throughout this work 
as well as the instruments corresponding to these techniques.    
2.2 Materials  
2.2.1 Membranes  
Three types of forward osmosis membranes were used in this 
thesis; cellulose triacetate membrane, thin film composite and 
porifera membrane. The first two were supplied by Hydration 
Technologies, Inc. (Albany, OR) while the porifera membrane was 
supplied under a confidentiality agreement. The cellulose 
triacetate membrane has an asymmetric structure and is made of 
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cellulose acetate supported by embedded polyester mesh. The 
thin film composite had a polyamide surface medication while the 
Porifera membrane was modified to be resilient to fouling (anti-
fouling modification). The intrinsic membrane properties were 
measured as described in Section 2.2.1.1. Both the cellulose 
triacetate and Porifera membranes was stored in ultrapure water 
at 4 °C prior to use. While the thin film membrane was stored in 
special packaging away from direct light and was soaked in 
ultrapure water for a minimum of 3 h before use.  
2.2.1.1 Determination of membrane intrinsic parameters 
The pure water permeability coefficient (A) of the forward 
osmosis membrane was determined in a laboratory-scale cross-
flow reverse osmosis set-up. The effective membrane area was 10 
cm2 and the cross-flow velocity was fixed at 10 cm s-1. Initially, the 
membrane was equilibrated with deionised water at an applied 
pressure, ∆P, of 8 bar (116 psi), until the permeate flux reached a 
steady value. After equilibration, the volumetric permeate flux 
was measured at applied pressures ranging from 2 to 8 bar (29 to 
116 psi) in increments of 2 bar (29 psi). The water permeability 
coefficient (A) was obtained from the slope of water flux plotted 
against applied pressure (Cath et al., 2006).  
Salt permeability coefficient (B) was evaluated using 100 mM NaCl 
as feed solution and was determined from the measured 
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permeate flux and salt concentration in feed and permeate 
solutions (which were determined by conductivity), using 
equation Eq. (1.10), (Cath et al., 2013) which was restated in this 
section for clarification.  
  𝐵 =  𝐽𝑤
(1−𝑅)
𝑅
exp  −
𝐽𝑤
𝑘
      
Where R is the salt rejection (%), Jw is the water flux and k is the 
cross flow mass transfer coefficient of NaCl for the cross-flow cell. 
In our experimental set-up configuration a value of 1.07 x 10-5 m s-
1 was found for k, based on correlation for flat channel filled with 
spacer (Schock et al., 1987; Achilli et al., 2009; Verliefde et al., 
2009). The salt rejection was computed from the difference in 
bulk feed (Cf) and permeate (Cp) salt concentrations using Eq. 
(1.5), which has been also mentioned again in this section to aid 
readability. 
𝑅 = 1 −  
𝐶𝑝
𝐶𝑓
  
However, for the extensively studied cellulose triacetate 
membrane; the structural parameter (S) reported was adapted 
from previous studies with the membrane (McCutcheon et al., 
2005, Phillip et al., 2010).  
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Table 2.1 presents the performance indicators for the different 
membranes tested in this study. The values show that the 
traditional flat sheet CTA membrane had the lowest pure water 
permeability (A) and highest salt permeability coefficient (B), with 
corresponding low salt rejection. The thin-film composite 
membrane (TFC) had significantly increased pure water 
permeability when compared to cellulose triacetate. But it also 
recorded the lowest salt permeability coefficient which translated 
to a high salt rejection (R). The novel porifera membrane had the 
highest pure water permeability and a high salt rejection almost 
similar to that of the thin film compose membrane. There was no 
clear correlation between the membrane structural factors and 
the other parameters. However, the superior performance of thin 
film composite and porifera membranes compared to the 
cellulose triacetate membrane was demonstrated, based on their 
respective A, B and R values (see Table 2.1).These values also 
confirm the improvement made in water permeability and solute 
rejection of thin film composite membranes (Shaffer et al., 2012). 
These results also confirm that the structural parameter 
influences mass transport in the membrane support layer, thus it 
has an effect on the path of a water molecule through the 
membrane. 
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Table 2.1: Measured membrane performance parameters for 
membrane types 
 A B R S 
L/m²·h·bar x 10-7m/s % µm 
CTA 0.61 1.5 88.5 663 
TFC 1.17 0.2 98.2 1227 
POR 1.89 1.3 96.0 344 
 
2.2.2 Organic foulant  
Alginate, humic acid, bovine serum albumin and octanoic acid 
ware used to as model organic foulants to represent common 
polysaccharides, natural organic matter, proteins and fatty acids 
in surface water, seawater and waste water. These organic 
macromolecules have been reported to be the major components 
of organic fouling during membrane based filtration systems 
(Amy, 2008; Hong et al., 2010; Tang et al., 2010; Elimelech and 
Phillip, 2011; Mattai et al., 2011; Subrumani et al., 2011).  
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Alginate is a biopolymer extracted from mostly from marine algae, 
it is a linear co-polymer made up of (1→4) β-D-mannuronic acid 
and α-L-guluronic acid residues in varying composition and 
sequence (Draget et al., 2005). It forms part of the organics in 
seawater (extrapolymeric substances produced by marine 
microbes) or wastewater (polysaccharides) (Hurwitz et al., 2010). 
Alginate was chosen for this work as a baseline to due to its 
relatively simple and unambiguous structure compared to other 
organic foulants. In addition, the experimental and simulation 
results obtained from alginate may shed light onto fouling 
mechanisms of many other complicated macromolecules that 
have similar functional groups. The sodium alginate (alginic acid) 
was provided by Sigma-Aldrich (St Louis, MO) and was received in 
powder form and was used as received. Its molecular weight was 
stated to be between 12-80 kDa. Stock solutions of 2 g/L were 
prepared by dissolving alginate powder in deionised (DI) water by 
mixing vigorously for 24 hours then kept at 4°C (Liu and Mi, 2012). 
The stock solution was stored for a maximum of 12 h before use.  
Humic acid salt was also supplied by Sigma-Aldrich (St Louis, MO). 
The manufacturer stated that it was sourced mainly from dead 
plant material. It was also received in powder form and its 
molecular weight ranged from 12 to 80 kDa. A stock solution of 2 
g/L was prepared using deionised water and vigorously stirred for 
24 h (Contreras et al., 2009) after which, it was diluted to the 
desired fouling concentration. Bovine serum albumin was also 
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received in powder form also supplied by Sigma-Aldrich. The 
molecular weight specified by the supplier was approximately 66 
kDa. It was stored at 4 °C upon delivery, and the fouling 
concentration was prepared by dissolving 1 g/L in deionised water 
over 24 h (Wang and Tang, 2011).  
Octanoic acid was received in a liquid form and was stored at 
room temperature. Stock solutions were prepared by mixing 1 g/L 
with deionised water and its pH was adjusted to around 6.7 using 
0.05 M NaOH prior to addition to the feed solution (Ang and 
Elimelech, 2008). The different surrogate foulants (organic 
compounds) used in this part of the study are functionally similar 
to the organic foulants in wastewater effluent, so the observed 
fouling behaviour and mechanisms might be comparable to real 
water effluent treatment using the FO process. However, the 
simulated wastewater used in this work does not contain 
particles, nor all the mentioned organic fractions, so real one on 
one translations could be difficult. 
2.2.3 Colloidal particle foulant  
The model colloidal foulant used in this work was silica (SiO2) 
colloids, supplied by Nissan Chemical Industries, Tokyo, Japan. The 
silica colloids were supplied as stable concentrated aqueous 
suspension (Snowtex ST ZL: 40 % w/w amorphous silica and 60 % 
w/w water) at an alkaline pH (8.5-9.5) which was stored at 4 °C 
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upon delivery. The average particle size range was 70-100 nm and 
the specific gravity of between 1.29-1.32 g/cm3. Prior to use, the 
suspended stock solution was hand shaken then sonicated for 
atleast 10 minutes, the desired fouling concentration (1 g/L) was 
prepared by vigorously stirring the silica colloids in deionised 
water for 24 h which was the used to conduct fouling tests (Boo et 
al., 2012).   
2.3 Laboratory cross-flow membrane FO tests units  
Membrane fouling experiments were performed using a self-
assembled forward osmosis cross-flow set-up/system. It had two 
closed loops for the feed and draw solution streams. The feed and 
draw solutions were pumped past a cross-flow membrane cell and 
around the loops using variable speed pumps (Cole-Palmer, USA). 
The cross-flow membrane cell was custom built with equally 
structured channels on both sides of the membrane. Each channel 
had the dimensions of 250, 50 and 1 mm for length, width and 
depth respectively. A polypropylene spacer mesh was added on 
both sides of the membrane to create turbulence and mimic real 
membrane filtration processes. The change in feed solution 
weight was monitored over time through a weighing balance 
(Ohaus, USA) connected to a computer for data logging. These 
changes in feed weight over time were used to compute the 
water flux during membrane fouling tests.  
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Since during filtration the draw solution gets diluted and gradually 
decreases in concentration which turns to adversely reduce the 
osmotic drive force across the membrane. To curb this effect, the 
concentration of the draw solution was maintained at a constant 
value using a real time conductivity based program using a 
Consort conductivity meter (C3310 model, Turnhout, Belgium). 
Varying amounts of a highly concentrated salt solution (NaCl: 5 M) 
were dosed into the draw solution triggered by a decline in 
conductivity. The laboratory scale FO cross-flow system is 
illustrated in Figure 2.1. This set-up was used to perform fouling 
tests described Chapter 3, slight changes were made on the 
system for subsequent Chapters (4, 5, and 6). Instead of using a 
concentrated salt solution (NaCl: 5 M) dry salt was used to re-
concentrated the draw solution.  
A program-controlled (LabVIEW software, National Instruments, 
UK) 3-way valve was installed on the draw solution return tube 
just before it enters the draw solution tank (Figure. 2.2). The valve 
temporally directs (at set intervals) the draw solution into a filter 
funnel containing dry solid salt (NaCl) after being triggered by a 
decline in draw solution conductivity. The dissolved salt then 
dripped into the bulk draw solution to correct the dropping 
solution conductivity and maintain constant draw solute 
concentration.
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Figure 2.1: A schematic diagram of the bench-scale forward osmosis cross-flow test unit. This set-up was used to 
perform fouling test in Chapter 3 only.  
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Figure 2.2: A schematic diagram of the bench-scale set-up that was used to conduct fouling tests for Chapters: 4, 5, 
and 6. 
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2.4 Fouling protocols 
In all fouling tests, sodium chloride was used to induce 
permeation across the membrane (as a draw solution). Prior to 
each fouling test, a baseline experiment was performed, where a 
feed solution composed of only the salt solution was filtered for 
the same duration as the fouling experiments. This was performed 
to identify flux decline due to feed solution concentration and 
internal concentration polarization which then helps indicate flux 
loss due to foulant deposition and cake layer formation. After the 
baseline test the membrane was flushed with large amounts of 
deionised water to wash-off the salt on its surface. Fouling tests 
were then performed with feed solutions bearing the different 
single foulants (alginate, humic acid, bovine serum albumin, 
octanoic acid and silica colloids) or their combinations. After each 
fouling test; the forward osmosis system was flushed with 
deionised water at high cross flow velocity to clean the remnants 
of the previous test. The feed solution volume was fixed at 10 L 
while the re-concentrated draw solution volume was 1 L. 
2.5 Characterisation techniques  
2.5.1 Membrane surface zeta potential measurements 
Membrane surface charge (zeta potential) was measured using 
two methods: a self-assembled manual system. The self-
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assembled streaming potential analyser consisted of a 6B11 
analog digital converter (Analog Devices GmbH, Germany) with an 
accuracy of 0.01 mV. The streaming potential cell had the 
following dimensions: 60.42 x 20.54 x 0.5 mm for channel length, 
width and height. Two membrane samples of the same type 
(cellulose triacetate) were taped to glass slides and inserted into a 
streaming potential cell, separated by a spacer such that only 
charge characteristics on the exterior surface of the membrane 
were determined when the electrolyte solution was pumped 
through the cell. Streaming potential measurements were 
conducted using the different salt solutions that formed part of 
the feed solutions used for Chapter 3 (varying concentrations of 
NaCl and CaCl2). The pH of the testing solutions ranged from 6.3 to 
6.9 and both the active layer and support layers were analyzed. 
The applied pressure difference was 0.2 bars. The cell potential 
was measured continuously by two Platinum electrodes. When 
the valve at the inlet of the cell was closed, the solution stopped 
flowing through the cell (non-flow), the flow started again when 
the valve was opened (flow mode). During measurement the 
streaming potential (mV) was recorded in a data logger. The 
difference in potential the flow and non-flow mode is equal to the 
streaming potential. This potential difference was measured more 
than 5 times and a mean value was calculated. The relationship 
between the measurable streaming potential and the zeta 
potential is given by the Helmholtz-Smoluchowski equation (Eq. 
2.1). 
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   𝜁 =
∆𝑉𝜂∁
∆𝑃ԐԐ𝑜
   (Eq. 2.1) 
Where: 
 ∆V is the measured streaming potential (mV)  
 η is the electrolyte viscosity (Pa.s), 
 ∁ is solution’s conductivity (mS/cm) 
 ∆P is the applied pressure and Ԑ is the permittivity of 
 water (C2N-1m-2) 
 
The permittivity is defined as Ԑ =Ԑ0Di, where Ԑ0 is permittivity of 
vacuum = 8.85X10-12 (C2N-1m-2) and D the dielectric constant of 
water = 78.55 at 25°C. 
This set-up was used to conduct membrane surface analyses 
presented in Chapter 3 using the different background 
electrolytes that formed part of feed solutions, to determine their 
influence on membrane surface charge. 
The second zeta potential measurements reported in chapter 5 
for cellulose triacetate, thin film composite and porifera 
membranes were measured using an automated SurPASS 
Electrokinetic Analyzer from Anton Paar GmBH (Graz, Austria). All 
streaming-potential measurements were conducted around pH 
6.5 with a standard Potassium chloride background solution (KCl, 
0.001 M). The solution pH was adjusted with hydrochloric acid 
(HCl, 0.05 M) and Sodium hydroxide (NaOH, 0.05 M). This analysis 
yielded the results presented in Chapter 5.  
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2.5.2 Goniometric measurements 
Contact angles on membrane surfaces as well as foulant layers 
were performed using an automated Kruss DSA 10-MK2 Contact 
Angle Goniometer (Hamburg, Germany). The instrument consists 
of image analysis components; a video camera and computer with 
dropshape image analysis software. The sessile drop method was 
used to measure contact angle of probe liquids on the membrane 
and foulant (alginate, silica colloids) layers. 
2.5.2.1 Probe liquids  
To determine the surface tension components of solid surfaces, 
contact angle measurements using three well characterized probe 
liquids with well known surface tension properties is required. The 
probe liquids selected for this work were ultrapure water, glycerol 
and diiodomethane. Glycerol and ultrapure water represented the 
two polar liquids while diiodomethane was the apolar liquid. 
Ultrapure water was obtained from a Millipore water purification 
system, while glycerol and diiodomethane were supplied by Sigma 
Aldrich (St Louis, MO). The three surface tension components: 
Liftshitz-van der Waals (γLW) (apolar component), electron 
acceptor (γ+) and electron donor (γ-) (polar components) of the 
probe liquids are given in Table 2.2. In addition the total polar 
(γAB) and the total surface energy (γTOT) components are also 
listed. 
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Table 2.2: Surface tension properties (mJ/m2) of probe liquids at 
20 °C 
Probe liquid γLW 
(mJ/m2
) 
γ+ 
(mJ/m2
) 
γ- 
(mJ/m2
) 
γAB 
(mJ/m2
) 
γTOT 
(mJ/m2
) 
Water 21.8 25.5 25.5 51.0 72.8 
Glycerol  34.0 3.9 57.4 30.0 64.0 
Diiodomethan
e  
50.8 0.0 0.0 0.0 50.8 
*Data adapted from Lee et al., (2007). 
2.5.2.2 Measurement of membrane surface and foulant lawn 
contact angles 
The sessile drop method used for these measurements involved 
placing a droplet of the probe liquid on a dry flat surface of the 
solid materials. However, for purposes of this study; contact angle 
was measured on a hydrated membrane surface to curb the 
influences of membrane swelling and evaporation. Additionally, 
the drying process was found to be damaging to the membrane. A 
membrane piece was cut and placed on a wet filter paper 
mounted on a glass slide for contact angle measurements; this 
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procedure was previously implemented by Botton et al, (2012) on 
their work with nanofiltration membranes. Liquid drops were 
placed at intervals of 3.-.5 minutes for a period of 1 h and the 
contact angle was measured within seconds after the drop was 
dispensed. The volume of the droplets was 10 µL. The reported 
contact angle was an average of not less than 15 drops. 
Measurements were performed at the instrument ambient 
temperature. 
The surface tension parameters of foulants (alginate and silica 
colloids) were also determined via contact angle measurements. 
First, alginate dissolved in deionised water and the various feed 
solutions were filtered on an nanofiltration membrane using 
dead-end membrane filtration system for 12 h. The membrane 
was then removed from the system and the deposited layer was 
allowed to dry for 8 h in a dessicator. Contact angle 
measurements were then performed on the filtered foulant lawn 
using the sessile drop method.  
2.5.2.3 Membrane and foulant lawns interfacial properties 
Contact angle measurements using polar and apolar liquids are 
used to elucidate apolar Liftshitz-van der Waals (γLW) and polar 
(γAB) components of solid surface tension components. The polar 
(lewis acid-base) surface tension component can be further 
broken down into electron acceptor (γ+) and electron donor (γ-) 
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parameters. According to va Oss et al. (1986), the surface free 
energy is seen as the sum of a Lifshitz-van der (γLW) and the apolar 
(γAB) components, expressed by Eq. (2.2).  
  𝛾𝑇𝑂𝑇 =  𝛾𝐿𝑊 +  𝛾𝐴𝐵     (Eq. 2.2) 
Where: 𝛾𝑇𝑂𝑇  is the total surface free energy, (mJ/m2). 
The apolar component (γAB; mJ/m2) of a material’s surface energy 
is given by:  
  𝛾𝐴𝐵 =  2 𝛾+𝛾−    (Eq. 2.3) 
The surface free tension parameters of the solid surface 
(𝛾𝑆
𝐿𝑊 ,𝛾𝑠
+,𝛾𝑠
−), can therefore be determined through the 
measured contact angles of probe liquids with know surface 
tension parameters and using the Young-Dupré equation (Eq. 2.4).  
 1 + cos𝜃 𝛾𝑙
𝑇𝑂𝑇 =  2  𝛾𝑠
𝐿𝑊𝛾𝑙
𝐿𝑊  +  𝛾𝑠
+𝛾𝑙
− +   𝛾𝑠
−𝛾𝑙
+ 
 (Eq. 2.4) 
Where: θ is the contact angle. The subscripts s and l correspond to 
the solid surface and the liquid, respectively. This equation relates 
the contact angle of a liquid on a solid surface to the surface 
tension parameters of both the solid and the liquid (Gourley et al., 
1994 and Bouchard et al., 1997). The left hand side of the 
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equation represents the free energy of cohesion per unit area of 
the liquid (l) and the right hand side represents the free energy of 
adhesion per unit area between the liquid (l) and the solid (s) (van 
Oss, 1993 and Wolanksky and Marmur, 1998). 
The surface free energy per unit area ∆𝐺132
𝑇𝑂𝑇 , (
𝑚𝐽
𝑚2
) at contact 
between two dissimilar solid materials 1 and 2 gives an indication 
of the attraction and repulsion between the two interfaces when 
immersed in liquid medium 3 (van Oss, 1993 and Brant and 
Childress, 2002). The total surface free energy of adhesion was 
determined from the Lifshitz-van der Waals and the acid-base 
components according to: 
  ∆𝐺132
𝑇𝑂𝑇 =  ∆𝐺132
𝐿𝑊 +  ∆𝐺132
𝐴𝐵   (Eq. 2.5)  
∆𝐺132
𝐿𝑊  = 2  𝛾3
𝐿𝑊 −   𝛾1
𝐿𝑊    𝛾2
𝐿𝑊 −   𝛾3
𝐿𝑊  (Eq. 2.6) 
∆𝐺132
𝐴𝐵 = 2 𝛾3
+  𝛾1
− +  𝛾2
− − 𝛾3
− + 2 𝛾3
−   𝛾1
+ +  𝛾2
+ −
 𝛾3
+ − 2 𝛾1
+𝛾2
− − 2 𝛾1
−𝛾2
+    (Eq. 2.7) 
The surfaces 1 and 2 are representative of the membrane and the 
foulant particle. The free energy of adhesion per unit area signifies 
the interaction energy per unit area between two planar surfaces 
(bearing the properties of the membrane and the colloid) that are 
brought into contact. Because it is known that the Lifshitz-van der 
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Waals interaction between two materials diverges when the 
surfaces physically touch each other, contact is assumed to occur 
at a hypothetical minimum equilibrium cut-off distance (Meinders 
et al., 1995). 
If surfaces 1 and 2 are the same material (e.g. the colloid 
particles), then 2 = 1 and ∆𝐺131
𝑇𝑂𝑇  (mJ/m2) indicates the interfacial 
free energy of cohesion. If the total free energy is positive, a 
material maybe considered non-cohesive when immersed in 
water or hydrophilic; if free energy is negative the material is 
cohesive or hydrophobic (van Oss, 2008).  
2.5.3 Atomic force microscopy (AFM) 
Membrane surface and surface roughness analysis for the 
different membrane types used in this study were performed 
using an Icon atomic force microscope (AFM) (Bruker, CA, USA) in 
scanasyst mode using an OTESPA probe. Dry membrane samples 
were mounted on a specimen holder and an image of 10 x 10 mm 
area was scanned. 
2.5.4 Scanning electron microscopy (SEM) analysis 
The morphology of membranes surfaces and the different fouling 
layers was assessed using scanning electron microscopy; a 
visualization technique was applied, using a Jeol JMC-5000 
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scanning electron microscope (Nikon Instruments Inc., U.S.A.). 
Small dried membrane pieces were cut and attached onto sample 
holders using a carbon tape. The sample holder with the 
membrane pieces was coated with either gold or carbon to 
provide electrical conductivity and prevent charging during 
imaging. Analysis was performed at different desired 
magnifications and working distances.  
2.5.5 Fourier transmittance infrared spectroscopy  
Fourier transmittance infrared with an attenuated total 
reflectance (ATR-FTIR) accessory was used to determine the 
presence of different functional groups on the membrane surface. 
A Spectrum™ 100 FT-IR infrared spectrometer supplied by Perkin 
Elmer, (USA) was used for analyses. Each spectrum was averaged 
from 10 scans collected in the 650 cm-1 to 4000 cm-1 range. Clean 
(not fouled) and fouled membrane samples were dried in a 
dessicator over 24 h before analysis. Analysis was performed using 
the attenuated total reflectance accessory.   
2.5.6 Foulant particle size and surface charge determination  
The mean hydrodynamic diameter of the alginate macromolecules 
in the different feed solutions was determined by dynamic light 
scattering (DLS) using a Malvern photon correlation spectrometer 
(Malvern Instruments, UK) as well as a Malvern nanosizer 
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(Malvern Instruments, UK). The concentration of alginate (0.5 g/L) 
used in the size determination was higher than that used in the 
fouling experiments to enhance sample detection, since 200 mg/L 
was too dilute. The hydrodynamic diameter measurements 
performed at 0.2 g/L were not reproducible due to very low count 
rates and poor correlation fits at the same concentration and 
analysis conditions. Therefore, this formed the basis for 
performing particle size analysis at higher concentration where 
reproducible results were obtained. It is worth mentioning that 
sample concentration can influence the observed changes in 
alginate particle size due to multiple lights scattering resulting in 
over-estimated particle size. Therefore, to determine this effect 
the alginate particle size was measured at 0.3 g/L, 0.75 g/L and 1 
g/L and the resulting values were not significantly different from 
each other and the chosen 0.5 g/L that was used for this work. 
Thus we assumed that the size and zeta potential trends observed 
could be extrapolated down to 0.2 g/L.  
The changes on the alginate aggregate surface charge when 
exposed to the different electrolyte solutions were determined 
from electrophoretic mobility, measured using a Malvern 
Zetasizer300 HS series (Malvern Instruments, UK) and a Zetasizer 
(Malvern Instruments, UK).  
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2.5.7 Measurement of alginate adsorption onto silica colloids  
Quartz crystal microbalance (QCM) analysis enables the study of 
interactions on surfaces with specific chemistry, and it also 
capable of monitoring the changes in adsorbed mass as a function 
of time. The basic theory of QCM-D is based on the principle that 
when a quartz crystal in gaseous or liquid environment is excited, 
it oscillates at a fundamental frequency. As absorbates attach 
onto the crystal surface, the resonant frequency of the crystal 
decreases with the increasing amount of absorbate attachment. 
In this study, the adsorption of alginate macromolecules onto 
silica colloids was studied using quartz crystal microbalance with 
dissipating monitoring (QCM-D) technique with silica sensors (Q-
Sense, Sweden). The silica-coated quartz crystal sensors were 
used to simulate the surface of the silica particles. The same ionic 
strength (0.5 M) and foulant concentration (200 mg/L) used for 
cross-flow fouling tests was used for the adsorption studies. Prior 
to analysis ultrapure water was pumped across the sensors for 15 
min at 0.5 mL/min after which the foulant solution was 
introduced. At t = 100 min, the desorption step was initiated using 
ultrapure water that was pumped across the sensors for 1 h. The 
temperature in the flow chambers was set at 18 °C and the 
solution were kept at 22 °C in a water bath. 
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Adsorption is indicated by changes in the vibration frequency of 
the piezoelectric quartz-crystal sensor and the amount of organic 
foulant macromolecule adsorbed can be calculated from the 
frequency change using the Sauerbrey equation (Eq. 3.5) (Hook et 
al, 1993), which relates the mass change per unit area at QCM 
electrode surface to the observed change in oscillation frequency 
of the crystal. 
  ∆𝑚 =  −
𝐶𝑄𝐶𝑀
𝑛
∆𝑓   (Eq. 2.8) 
Where CQCM is the mass sensitivity constant (17.77 ng cm
-2 Hz-1 at f 
= 5 MHz), ∆f is the change in the resonance frequency and n is the 
overtone number (n has values 1, 3, 5., ...). CQCM is a constant 
independent of the overtone number, n. 
2.6 Membrane cleaning  
Membrane cleaning was performed using the simple physical 
method of osmotic backwash process. The cellulose triacetate 
membrane fouled with alginate using the active layer facing draw 
solution configuration was cleaned using osmotic backwash. 
During osmotic back wash, the concentrated draw solution is 
replaced with ultrapure water. The net movement of water from 
the draw side towards the fouling layer in the feed side is induced 
by the difference in osmotic pressure between the residual feed 
and the ultrapure water. This “reverse” permeation loosens the 
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fouled layer from the membrane surface which is eventually 
“swept-off” by the shear force created by the bulk solution cross-
flow velocity. Permeate flux recovery after backwashing was 
calculated using Eq. (2.9).  
  % 𝐹𝑙𝑢𝑥 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 =  
𝐽𝑐
𝐽𝑜
 × 100  (Eq. 2.9) 
Where:  
 Jc is the initial permeate flux after cleaning/backwashing,  
 Jo is the initial permeate flux when the clean membrane 
 was fouled for the first time, such that 100 % flux recovery 
 indicates total membrane  permeability restoration 
 and is 100 % clean. 
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CHAPTER 3: 
ORGANIC FOULING IN FORWARD OSMOSIS MEMBRANES: THE 
ROLE OF FEED SOLUTION CHEMISTRY AND MEMBRANE 
STRUCTURAL PROPERTIES 
 
3.1 Introduction 
This chapter presents a series of systematic investigations into 
membrane fouling during brackish water and seawater 
desalination. Alginate was used as a model foulant. It is well 
known that both Ca2+ and Mg2+ are constituents of seawater and 
are also capable of interacting with alginate and hence promote 
its fouling (McCutheon et al., 2006; Mi and Elimelech, 2008; Jin et 
al., 2009; Xu et al., 2010; Altee, 2012; Lay et al., 2012). Thus, they 
were included as part of the ionic composition of the different 
feed solutions listed in Table 3.1. The individual and combined 
influence of these divalent cations on alginate fouling were 
investigated and quantified from the observed membrane fouling 
trends.  
The main focus of this work was at establishing a complete 
systematic understanding of the underlying fouling mechanisms of 
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forward osmosis membranes by an organic foulant at ionic 
concentrations as high as observed in seawater desalination 
processes. The influence of the structural membrane 
characteristics on fouling behavior was also studied by running 
tests in both FO (active layer facing feed solution) and PRO (active 
layer facing draw solution) modes. To determine the impact of 
solution chemistry and membrane surface properties on fouling, 
and relate fouling to foulant-membrane interactions, membrane 
samples and alginate were characterized through advanced 
contact angle measurements.  
3.2 Material and methods 
3.2.1 Feed and draw solution chemistries 
The concentration of alginate used for all fouling tests conducted 
in this chapter was fixed at 200 mg/L. This concentration of 
alginate was enough to accelerate fouling and was representative 
of common polysaccharides in natural wasters (seawater and 
wastewater effluent). Varying concentrations of NaCl, CaCl2 and 
MgCl2 salts were used to prepare the different synthetic feed 
water types. The osmotic pressures given by these feed solutions 
are also given in Table 3.1. The feed solutions were divided into 
two sets according to the total ionic strengths (0.1 M and 0.5 M) 
that were calculated based on Eq. (3.1.).  
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   𝐼 =  
1
2
 𝐶𝑖𝑧𝑖
2   (Eq. 3.1) 
Where:  
 Ci is the molar concentration of ion i (mol/L) in the 
 solution 
 zi is the charge number of the ion (i) 
The NaCl salt was also used to prepare draw solutions for the 
different fouling tests. The draw solution concentrations were 
adapted according to the feed solution ionic strengths and the 
experimental mode (i.e. FO or PRO) to obtain similar starting 
fluxes in all experiments (Table 3.1). 
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Table 3.1: Feed solution composition and draw solution 
concentrations 
FS composition  Osmotic 
pressure 
(bar) 
Draw solutions (M) 
NaCl 
  FO PRO 
Alginate + 100mM NaCl 4.92 3.1 
(15.27) 
1.7 
(83.72) Alginate + 94mM NaCl + 
2mM CaCl2 
4.78 
Alginate + 70mM NaCl + 
10mM MgCl2 
4.19 
Alginate + 64mM NaCl + 
10mM MgCl2 + 2mM 
CaCl2 
4.03 
Alginate+ 500mM NaCl 24.62 3.5 
(172.36) 
2.1 
(103.42) Alginate+ 476mM NaCl + 
8mM CaCl2 
23.45 
Alginate+ 350mM NaCl + 
50mM MgCl2 
20.93 
Alginate+ 326mM NaCl + 
50mM MgCl2 + 8mM 
CaCl2 
20.34 
*The values in brackets are the osmotic pressure of the draw 
solutions calculated with van’t Hoff’s equation. 
 
3.2.2 Fouling protocols 
Membrane fouling tests were performed using the cellulose 
triacetate membrane described in Chapter 2, section 2.2.1, using 
the laboratory scale unit also described in Chapter 2, section 2.3, 
where a concentrated (5 M) sodium chloride salt solution was 
used to maintain the concentration of the feed solution. 
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Prior to each set of fouling experiments (i.e. I = 0.1 M and 0.5 M) 
baselines experiments were performed; a solution containing only 
the background electrolytes (without the foulant) was filtered for 
the same duration as the fouling experiments. Fouling 
experiments were performed for a duration of 10 h and a new 
membrane coupon was used for each experiments. The cross-flow 
velocity was fixed at 10 cm s-1 and initial permeate flux was 16.84 
± 0.75 Lm-2h-1 for all conducted experiments. Membrane fouling 
behavior was tested on both sides of the asymmetrical cellulose 
triacetate forward osmosis membrane (i.e. in PRO and FO 
configuration).  
3.2.3 Foulant and membrane characterization 
Foulant and membrane surface properties were characterized 
using the techniques describe in Chapter 2, Section 2.5. Dynamic 
light scattering was used to determine the average hydrodynamic 
diameters for alginate aggregates in the different feed solutions. 
Electrophoretic mobility measurements were done to determined 
alginate surface charges in the different salt concentrations on 
both the active and support layers.   
Membrane surface charge analyses were conducted using the 
self-assembled streaming potential set-up also previously 
described in Chapter 2, Section 2.5.1. The different salt solutions 
that made up the eight feed solutions presented in Table 3.1 were 
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used for streaming potential measurements. It has been 
hypothesized that the acid-base properties of membranes and 
alginate are a function of the ionic composition of the aqueous 
media they occur in, therefore, developing a systematic 
understanding of forward osmosis membrane fouling behavior 
and the relation with foulant-membrane interactions in different 
ionic environments is of paramount importance. Therefore, 
contact angle measurements were conducted on both membrane 
and alginate gel layers using the procedures described in Chapter 
2, Section 2.5.2.2. Corresponding surface tensions components 
and surface free energies were computed using the contact angle 
data using the given equations in same chapter and section.  
3.3 Results and discussion 
3.3.1 Membrane and foulant zeta potential determination 
The electrochemical properties of the membrane, especially the 
selective layer, exert a great influence on the type and extent of 
interactions between the membrane and the foulants in the liquid 
feed as well as the separation properties such as permeability and 
permselectivity (Chiu and James, 2007). The surface charges of 
both the membrane and alginate macromolecules when exposed 
to different ionic solutions are presented in Table 3.2 (these 
solutions lack the foulant (alginate), however, they have a similar 
composition to those already listed in Table 3.1). The cellulose 
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triacetate membrane was found to be weakly negatively charged 
in the presence of 0.1 M NaCl background electrolyte and in the 
pH range of 6.3-6.9. However, the inclusion Ca2+ and Mg2+ slightly 
reduced the membrane charge. The decrease in membrane 
charge can be attributed to the compression of the electric double 
layer thickness which arises from short distance screening of 
surface charge resulting in charge reduction. When the total ionic 
composition was increased to 0.5 M the calculated membrane 
zeta potential was found to be positive, an observation that is 
likely to be accounted for by the high concentration of cations 
which tend to adsorb on the membrane surface influencing the 
measured streaming potential. This is more evident on elevated 
presence of divalent cations such as calcium ions which have the 
capability to attach to the membrane’s carboxylate functionality 
on the membrane surface making it more conductive.  
The alginate macromolecules remained negatively charged the 
entire range of electrolyte solutions. However, the presence of 
cationic species at increased concentrations greatly reduced the 
negative charge. This can be explained by the same process of 
reduced electric double layer thickness leading to reduced 
electrostatic repulsion among the alginate macromolecules 
prompting their easy deposition on the membrane surface. This is 
a similar observation to that made by Yong and Parida, (2012), 
who were studying the loading effects of calcium on alginate 
fouling, they also attributed the reduction in charge to alginate-
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Ca2+ complexation. The measured zeta potential values were very 
close at the two ionic strength levels. The obtained zeta potential 
data suggest that it can be tentatively concluded that more 
membrane fouling can be expected at higher ionic strength due to 
attractive electrostatic forces between oppositely charged phases 
(positive membrane and negative alginate macromolecules). 
However, there are other factors that further influence the 
interaction between the membrane and the foulant, as will be 
discussed in paragraphs to follow. 
Table 3.2: Measured alginate and membrane zeta potentials  
Test 
solutions 
Alginate zeta 
potential (mV) 
Membrane zeta potential 
(mV) 
 Membrane orientation  
  FO (active 
layer) 
PRO (support 
layer) 
Solution 1 
 
-30 ± 2 -4 -11 ± 1 
Solution 2  
 
-25 ± 1  -2±1 -10 ± 1 
Solution 3  
 
-21 -4±1 -9 ± 1 
Solution 4 -24 ± 1 -2 -5 ± 1 
Solution 5 
 
-15 ± 3  18 ± 1 28 ± 2 
Solution 6 
 
-11 ± 1 7 ± 1 20 ± 1 
Solution 7 
 
-11 ± 1 17 ± 2 25 ± 2 
Solution 8 -10 ± 1 6 ± 1 17 ± 1 
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3.3.2 Effect of cations on alginate fouling potential 
The structure of the fouling layer on a membrane surface is 
affected by both chemical (i.e. pH, ionic strength, and divalent 
cations) and physical (initial permeate flux, cross-flow velocity and 
osmotic pressure gradient) conditions. Among these factors, it has 
been documented that the presence of divalent ions such as 
calcium plays a predominant role in membrane fouling by alginate 
(Katsoufidiou et al., 2007). Calcium ions have the ability to bind 
preferentially to the carboxylate groups of alginate in a uniquely 
arranged manner to result in highly arranged gel networks 
(Katsoufidiou et al., 2010).  
Table 3.3 presents hydrodynamic diameter of alginate in the 
different salt solutions and their fouling propensity, determined as 
total flux decline after 10 h fouling experiments. The membrane 
surface area was deemed representative; therefore, fouling 
experiments were not repeated more than twice. The average 
aggregate size of alginate varied among the range of electrolyte 
solutions. When dissolved in deionised water, the measure 
average hydrodynamic diameter of alginate was 125 nm. 
However, a notable increase in size was observed with the 
addition of Na+, Ca2+ and Mg2+ and the largest size was recorded 
as a result of the combined presence of calcium and magnesium 
ions in solution at lower ionic strength (0.1 M). The size of alginate 
macromolecules increased to more than twice when the Ca2+ 
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concentration was increased from 2 mM to 8 mM confirming the 
intermolecular complexation between alginate macromolecules 
with calcium resulting in larger aggregate sizes.  
The deposited alginate particles on the membrane surface 
resulted in a loose and less compact fouling layer that allowed 
continued water permeation. The persistent permeation provided 
a constant permeation drag force that led to the high rate of 
alginate particle deposition on the membrane surface (Yangali-
Quintanilla et al., 2012). There were no clear correlations between 
particle size and permeate flux decline in the active layer facing 
feed solution mode. The presence of MgCl2 at lower ionic strength 
resulted in large alginate particles than the alginate-calcium 
combination but resulted in lower flux decline an observation that 
can be attributed to the less tortuous path of larger particles 
which results in a cake layer with larger pore volume. A similar 
observation was recorded at higher ionic strength where the 
presence of both Ca2+ and Mg2+ where the alginate particle size 
was in 1095 nm (the largest) and a flux loss of 30 % was which was 
very close to that of solutions 7 and 8 (Table 3.3). The highest 
recorded permeate flux declines were 35% and 57% for FO and 
PRO modes, respectively, and were due to feed solutions 
containing calcium ions. 
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Table 3.3: Alginate average hydrodynamic diameters and 
corresponding permeate flux declines 
Feed solution Aggregate size 
(nm) 
Flux decline 
(%) 
FO PRO 
Alg + 100mM NaCl 153 ± 2 19 35 
Alg + 94mM NaCl + 2mM CaCl2 185 ± 2 31 39 
Alg + 70mM NaCl + 10mM 
MgCl2 
247 ± 8 28 31 
Alg + 64mM NaCl + 10mM 
MgCl2 + 2mM CaCl2 
281 ± 6 35 43 
Alg + 500mM NaCl 197 ± 3 25 47 
Alg + 476mM NaCl + 8mM 
CaCl2 
413 ± 6 28 57 
Alg + 350mM NaCl + 50mM 
MgCl2 
197 ± 6 29 49 
Alg + 320mM NaCl + 50mM 
MgCl2 + 8mM CaCl2 
1095 ± 19 30 57 
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3.3.3 The influence of membrane orientation on fouling rate 
As already mentioned before, the forward osmosis membrane is 
asymmetric and characterized by a smooth, dense active layer and 
a porous support layer. The effective osmotic driving force in feed 
facing active layer and the draw solution facing active layer 
configuration is highly dependent on the magnitude of internal 
concentration polarization acting on the two operational modes. 
Therefore, to eliminate the impact of different initial fluxes on the 
fouling behavior, the same osmotic pressure difference was 
maintained on both modes. Figure 3.1 compare the flux decline 
profiles in FO and PRO modes for calcium containing feed 
solutions at lower and high total ionic strengths (0.1 and 0.5 M). 
The feed facing active layer experiment showed relatively stable 
flux decline recording less than 10% (17.44 to 16.20 Lm-2h-1) flux 
drop in the first three hours (Figure 3. 1), while flux decline was 
rapid in the feed facing porous support layer experiment with 22% 
(17.81 to 13.74 Lm-2h-1) flux lost in an equivalent time duration. A 
similar observation was made when the feed solution’s total ionic 
strength was raised to 0.5 M; a high rate of flux decline at the 
initial stages was recorded for the PRO mode with an even larger 
overall loss of 57% compared to the 28% of the FO mode.  
The higher fouling rate observed in the active layer facing draw 
solution configuration can be attributed to the larger pores of the 
porous support layer and consequently its rough structure (Mo et 
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al., 2011). This surface allowed the easy deposition and adhesion 
of alginate aggregates on the membrane surface. The aggregates 
were trapped within the porous structure during the initial stages 
of fouling causing rapid flux decline. On the other hand, the 
tighter and smoother structure of the dense layer was resilient to 
foulant deposition thus lowering the fouling propensity in FO 
mode (Liu and Mi, 2012). Since permeation drag was the same, 
because it was caused by similar initial permeate fluxes. The 
concentrations of the draw solutions were adjusted to induce 
similar initial permeate fluxes. Therefore, the structural properties 
of active layer and support layer had a dominant influence on 
foulant deposition and accumulation as well as the subsequent 
fouling layers.  
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Figure 3.1: Comparison between flux decline curves of FO and 
PRO at the two tested feed ionic strengths (0.1 M and 0.5 M). The 
feed solution was composed of Alginate + 0.094 M NaCl+0.002 M 
CaCl2 at 0.1 M and Alginate + 0.476 M NaCl + 0.008 M CaCl2 at 
higher ionic strength. Baseline is the feed solution that contained 
only the salts solutions. 
3.3.4 Effect of feed solution ionic strength and composition 
on alginate fouling 
Membrane fouling results from the interaction of a matrix of 
factors and from this work it has been demonstrated that calcium 
binding, divalent ion concentration, membrane structural 
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arrangement and hydrodynamic parameters were predominant in 
influencing alginate fouling in PRO mode. The influence of the 
ionic strength was investigated increasing the total ionic strength 
from 0.1 M to 0.5 M (equivalent to that of seawater). The results 
obtained in the active layer facing feed solution configuration 
revealed that this has no significant influence on membrane 
fouling. A similar total flux decline was recorded for feed solutions 
composed of 0.002 M and 0.008 M CaCl2. This observation 
provides further proof that the membrane structural properties 
had a more dominant influence on permeate flux loss.  
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Figure 3.2: Comparison of the effect of ionic strength on alginate’s 
fouling capacity. The effect was tested between feed solutions 
containing: Alginate + 0.1 M NaCl and Alginate + 0.5 M NaCl as 
well as those containing Alginate + 0.094 M NaCl+ 0.002 M CaCl2 
and Alginate+ 0.476 M NaCl+ 0.008 M CaCl2. These fouling runs 
were all performed in FO mode. 
3.3.5 Membrane surface tensions and interfacial free 
energies 
3.3.5.1 Alginate-alginate free energy of cohesion, ∆G131 
The measured contact angles and calculated surface tension 
parameters for alginate using deionised water, glycerol and 
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diiodomethane are listed in Table 3.4. Measured droplet contact 
angles varied amongst the different probe solutions, for the 
different surfaces. There were no observable trends on the 
contact angles of the different foulant surfaces. However, 
according to the measured angles in Table 3.4, the addition of 
cations (Na+, Mg2+ and Ca2+) moderately increased the water 
contact angles to around 50°. This change was attributed to 
changes on alginate surface tensions arising from specific ion 
interactions with the interfacial functionality (Jin et al., 2009). The 
apolar diiodomethane gave a rather consistent angle between 33 
and 42°. 
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Table 3.4: Average contact angles (°) of membranes and filtered 
alginate lawns  
Measured surface Water (°) Glycerol 
(°) 
Diiodomethane 
(°) 
CTA (active layer) 
 
43 ± 1 65 ± 2 40 ± 1 
CTA (support layer) 
 
64. ± 2 70 ± 2 34 ± 1 
Alginate (ALG) 
 
37 ± 2 83 ± 2 40 ± 1 
ALG + 0.1M NaCl 
 
53 ± 2 68 ± 3 35 ± 2 
ALG + 0.094M NaCl + 
0.002 CaCl2 
 
53 ± 1 55 ± 2 42 ± 2 
ALG + 0.07M NaCl + 
0.01M MgCl2 
 
55± 2 63 ± 3 42 ± 2 
ALG + 0.064M NaCl + 
0.01M MgCl2 + 0.002M 
CaCl2 
47 ± 3 54 ± 1 33 ± 2 
ALG + 0.5M NaCl 
 
37 ± 3 69 ± 2 38 ± 2 
ALG + 0.476M NaCl + 
0.008M CaCl2 
 
65 ± 2 64 ± 2 33 ± 2 
ALG + 0.350M NaCl + 
0.05M MgCl2 
 
53 ± 2  69 ± 2 39 ± 1 
ALG + 0.326M NaCl + 
0.05M + MgCl2 + 
0.008M CaCl2 
64 ± 1 57 ± 2 38 ± 1 
*Student t-test was applied on these data, n=16, df=15, t – critical 
= 2.13 at 0.95 confidence interval. 
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The measured contact angles (Table 3.4) of the three probe liquids 
were then used to compute the surface tension components of 
the membrane and alginate lawns listed in Table 3.5. The acid-
base component (γAB) and the total surface tension component 
(γTOT) were calculated using Eq. 2.3 and 2.2.  
Table 3.5: Contact angles, surface free energy and interfacial free 
energy of cohesion for alginate  
 γLW 
(mJ/m2) 
γ+ 
(mJ/m2) 
γ–
(mJ/m2) 
γAB 
(mJ/m2) 
γTOT 
(mJ/m2) 
AL 
 
39.61 1E-06 43.85 0.013 39.62 
SL 42.02 1E-06 18.31 0.0086 42.03 
 
Alginate 39.61 0.01 44.54 1.33 40.94 
Sur. 1 
 
41.96 0.16 34.19 4.68 46.64 
Sur. 2 
 
38.59 0.31 23.67 5.42 44.01 
Sur. 3 
 
38.59 0.25 25.93 5.09 43.68 
Sur. 4 42.67 0.13 35.50 4.30 46.97 
Sur. 5 
 
40.60 0.0025 49.28 0.70 41.3 
Sur. 6 
 
42.67 0.30 26.34 5.62 48.29 
Sur. 7 
 
40.11 0.95 12.08 6.78 46.89 
Sur. 8 40.60 0.91 12.68 6.79 47.39 
*Sur. Represents the different measured alginate surfaces (filtered 
lawns) from the various feed compositions of alginate and salts 
presented in Table 3.1. AL and SL are the active and support layers of the 
cellulose triacetate membrane. 
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The membrane surfaces had a very low (almost zero) electron 
acceptor functionalities and significantly different electron donor 
functionalities; 43.85 and 18.31 mJ/m2 for the active and support 
layer respectively. The alginate exhibited a mono-polar electron-
donor (γ-) functionality with the electron-acceptor (γ+) 
functionality reduced significantly to very small values (~0). The 
electron donor functionality increased in the presence of 
(multivalent) cationic species. The NaCl solution had the highest 
electron donor (γ-) component due to the “charging-up” effect on 
alginate as referred by Jin and co-workers, (2009) on a similar 
work with alginate fouling on RO membranes.  
The addition of cations, particularly Ca2+ increased the electron 
acceptor functionality of alginate, this is because of its ability to 
react with the carboxylate groups more specifically than Na+ and 
Mg2+ (Li and Elimelech, 2004; Listiarini et al., 2011). The γAB 
component was similarly influenced by the addition of divalent 
cations; it increased from 0.70 to 6.0 mJ/m2. This gives an 
indication that the Lewis-acid-base interactions played an 
important role in membrane-foulant interactions at contact.  
The cohesion energies presented in Table 3.6 were calculated 
using Eq. 2.5, 2.6 and 2.7; but since cohesion describes the 
interactions between surfaces of the same material in water then 
the total interaction energy ∆𝐺132
𝑇𝑂𝑇  becomes ∆𝐺131
𝑇𝑂𝑇 . The results in 
Table 3.6 indicates that the surface of the active layer of the 
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cellulose triacetate membrane is hydrophilic (strong positive 
cohesive energy) which is further complemented by the low 
measured water contact angle (43°); this is in agreement with the 
previous result reported by Mi and Elimelech, 2008. The support 
layer surface on the other hand is hydrophobic indicated by the 
negative cohesion energy.  
The addition of divalent cations (Mg2+ and Ca2+) into the feed 
solutions had a significant influence on the alginate. The addition 
of divalent cations (Ca2+ and Mg2+) increased the hydrophobicity 
of alginate macromolecules (reduced the stability of alginate 
aggregates) prompting its deposition under significant permeation 
drag.  
The interfacial free energy of cohesion in Table 3.6 reveals that 
the alginate macromolecules in most of the electrolyte solutions 
are unstable (negative cohesion energy values) indicating 
favorable coagulation, thus allowing particles to form even larger 
aggregates. The exceptions were the solutions of NaCl and the 
combined presence of Ca2+ and Mg2+ (0.1 M), which show stable 
states (positive cohesion energy values), indicating that the 
macromolecules in solution were repulsive towards each other. 
Therefore, alginate is expected to cause more fouling in Ca2+ 
containing feed solutions, particularly at seawater ionic levels as 
predicted by the high magnitude (more negative energy of 
cohesion) of the cohesion energies.   
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Table 3.6: Contact angles, surface free energy and interfacial free 
energy of cohesion for alginate  
Surface  ∆𝑮𝟏𝟑𝟏
𝑳𝑾  
(mJ/m2) 
∆𝑮𝟏𝟑𝟏
𝑨𝑩  
(mJ/m2) 
∆𝑮𝟏𝟑𝟏
𝑻𝑶𝑻 
(mJ/m2) 
AL 
 
-5.28 31.80 26.50 
SL -6.59 -15.60 -22.20 
 
Alginate -5.28 32.20 26.90 
Sur. 1 
 
-6.54 14.80 8.29 
Sur. 2 
 
-4.76 -3.32 -8.08 
Sur. 3 
 
-4.76 0.77 -3.99 
Sur. 4 -6.94 17.0 -10.10 
Sur. 5 
 
-5.80 39.40 33.60 
Sur. 6 
 
-6.94 1.49 -5.46 
Sur. 7 
 
-5.54 -25.7 -31.20 
Sur. 8 -5.80 -24.40 -30.19 
*Sur. Represents the different measured alginate surfaces (filtered 
lawns) from the various feed compositions of alginate and salts 
presented in Table 3.1. AL and SL are the active and support layers of the 
cellulose triacetate membrane. 
3.3.5.2 Alginate-membrane interfacial free energy of adhesion 
Table 3.7 displays the calculated alginate-membrane interfacial 
free energies of adhesion, ∆G132, in different salt solutions. The 
alginate- membrane interfacial free energy of adhesion gives an 
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insight into the likelihood of alginate being attracted or repelled 
by the membranes. It relates to processes such as adsorption and 
adhesion of dissimilar materials. The increasingly negative values 
signify greater foulant-membrane attraction. As previously 
reported, calcium preferentially bind to the oxygen atoms of the 
deprotonated alginate carboxylate groups in solution to form 
highly arranged aggregates that get deposited on the membrane 
surface and result in a labile gel layer responsible for the severe 
permeate flux decline in membrane fouling (Xiao et al., 2011). 
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Table 3.7: Contact angles, surface free energy and interfacial free 
energy of adhesion for alginate  
 FO mode PRO mode 
Surfac
e  
∆𝐺132
𝐿𝑊  
(mJ/m2
) 
∆𝐺132
𝐴𝐵  
(mJ/m2
) 
∆𝐺132
𝑇𝑂𝑇  
(mJ/m2
) 
∆𝐺132
𝐿𝑊  
(mJ/m2
) 
∆𝐺132
𝐴𝐵  
(mJ/m2
) 
∆𝐺132
𝑇𝑂𝑇  
(mJ/m2
) 
Sur. 1 
 
-5.88 22.67 16.80 -6.57 0.89 -5.68 
Sur. 2 
 
-5.88 12.26 7.25 -5.60 -8.79 -14.39 
Sur. 3 
 
-5.01 14.73 9.72 -5.60 -6.59 -12.19 
Sur. 4 
 
-6.05 23.91 17.86 -6.77 1.94 -4.82 
Sur. 5 
 
-5.53 35.62 30.08 -6.18 12.19 6.00 
Sur. 6 
 
-6.05 14.99 8.94 -6.77 -6.11 -12.87 
Sur. 7 
 
-5.41 0 -5.41 -6.04 -22.18 -28.22 
Sur. 8 -5.53 -2.15 -7.69 -6.18 -21.35 -27.53 
*Sur. Represents the different measured alginate surfaces (filtered 
lawns) from the various feed compositions of alginate and salts 
presented in Table 3.1. AL and SL are the active and support layers of the 
cellulose triacetate membrane. 
Similar observations were made in this work; greater attractions 
between the alginate-calcium complexes and the membrane were 
observed in both operational modes. The active layer (FO mode) 
had a greater resilience to foulant deposition. The alginate 
aggregates and the membrane active surface layer were repellent 
of each other (positive adhesion values) at low ionic strength but 
slightly declining with the addition of divalent ions and increasing 
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ionic composition. Therefore, less alginate fouling was supposed 
to occur on the active layer except for the solutions containing 
calcium and the combination of calcium and magnesium which 
revealed intermediate attractive forces (slightly negative values) 
between the membrane and the foulant. The attraction was due 
to the binding of calcium and magnesium to the oxygen atom of 
the negative acetate groups on the membrane surface enhancing 
attachment of the already complexed (calcium-doped) alginate 
macromolecules. 
The energy data also revealed that the support layer was less 
resilient (tolerant) towards alginate aggregate deposition on the 
surface; negative interaction energy values were recorded for 
almost all electrolyte solutions. The adhesion energy for calcium 
containing solutions increased by a factor of three and two 
compared to that of sodium and magnesium at 0.1 M total ionic 
strength. The recorded energy of adhesion further increased 
suggesting stronger alginate-membrane attractions when the 
calcium ion concentration was increased to 8 mM. This was 
confirmed by the increased presence of alginate aggregates on 
the membrane surface for feed solutions containing 8 mM Ca2+ 
ions since free calcium ions formed bonds between the 
membrane and the already complexed alginate macromolecules. 
For the cellulose triacetate membrane the free energy of adhesion 
with alginate in different electrolytes followed this ascending 
order: NaCl< MgCl2< CaCl2 ≤ CaCl2 + MgCl2. 
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3.3.5.3 Correlation of permeate flux decline and interfacial free 
energies on membrane fouling 
Hydrodynamic drag forces bring the particles close to the 
membrane surface, but the chemical interactions cause the actual 
binding of the particles to the membrane. The membrane-alginate 
interaction energies are thus expected to dictate the initial fouling 
behavior. Overtime, the membrane surface eventually becomes 
covered with the alginate particles, and consequently the 
interaction energy between approaching alginate molecules and 
the already deposited alginate governs the long-term fouling. At 
this phase of the membrane fouling, the continued deposition of 
foulants is controlled by the energy of cohesion between the 
alginate molecules rather than the energy of adhesion between 
the approaching alginate molecules and the membrane surface. In 
Figure 3.4, the initial fouling rate is shown to correlate strongly 
with the interfacial free energies of adhesion (alginate-membrane 
interactions) for both FO and PRO modes with a correlation factor 
of 0.873. Initial fouling rate was defined to be the flux loss at the 
beginning of the filtration process during which depositing 
foulants interacted with the clean membrane surface. This period 
was assumed to be in the first two hours of filtration. The later 
fouling rate was the slow flux loss observed toward the end of the 
filtration experiment (last two hours), where an almost stable flux 
loss was recorded over time. The two operational modes 
produced different initial fouling rates due to the distinct 
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membrane surface structures however; the strong correlation 
between the flux decline rates and the interfacial free energy of 
adhesion indicates that the fouling mechanism is similar for both 
modes.  
The free energy of cohesion also correlated with the later fouling 
rates (Figure 3.5) for both experimental modes resulting in a good 
correlation factor of 0.799. The observed correlation further 
supports that the later deposition and accumulation of alginate 
aggregates is mainly dependent on the interactions between on-
coming alginate particles and those already covering the 
membrane surface (foulant-foulant interactions). The initial 
fouling rate was determined from the slope of relative flux decline 
curve within the first two hours. The later fouling rate was 
quantified from the slope of relative flux decline curve between 8 
and 10 h. All the examined parameters (calcium binding, 
membrane surface functionality, variations in ionic strength) gave 
an insight on the membrane fouling behavior, it is however clear 
that the non-electrostatic forces dominantly govern fouling 
behavior, particularly in PRO mode. This is a plausible observation 
since the cellulose triacetate membrane is weakly charged. 
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Figure 3.4: Correlations between the late rate of flux decline and 
alginate-membrane interfacial free energy of adhesion for both 
operational modes (FO and PRO). 
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Figure 3.5: Correlations between the late rate of flux decline and 
alginate-alginate interfacial free energy of cohesion for both 
operational modes (FO and PRO). 
3.3.5.4 Relations between free energies and fouling rates 
When the plotting was reversed (initial fouling rate against the 
free energy of cohesion (∆𝐺131 ; mJ/m
2)), a poor correlation factor 
(0.568) was observed (Figure 3.6). This could be due to the fact 
that the energy of cohesion defines the interaction between two 
surfaces of similar material, while the initial fouling rate describes 
the deposition of the foulant material onto the almost clean 
membrane surface. A lower correlation factor (0.715) was 
obtained when the later fouling rate was plotted against the 
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energy of adhesion (Figure 3.7). This is an indication that cohesion 
and adhesion are correlated. 
 
Figure 3.6: Correlations between the initial rate of flux decline and 
alginate-alginate interfacial free energy of cohesion for both 
operational modes (FO and PRO). 
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Figure 3.7: Correlations between the later rate of flux decline and 
alginate-alginate interfacial free energy of adhesion for both 
operational modes (FO and PRO). 
3.4 Conclusions 
The fouling potential of alginate macromolecules was better 
shown at higher calcium ion concentrations. This was due to 
extensive alginate-Ca2+ complexation that accelerated gel 
formation on the membrane surface. Membrane surface and 
alginate charge density were significantly modified due to the 
exposure to electrolyte solutions of Ca2+ and Mg2+ and the effect 
increased with increasing ion concentration. The fouling 
propensity of alginate was not influence by an increase in solution 
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total ionic strength, the fouling rate remained similar at raised 
total ionic composition (0.5 M). The membrane active layer was 
more resistant towards alginate aggregates settling compared to 
the visibly thick fouling layer noticed on the support layer. 
Membrane structural surface properties (porous structure of 
support layer), had a dominant role in foulant deposition and gel 
layer formation. The alginate and membrane exhibited a mono-
polar electron-donor functionality with high values of the 
electron-donor component (γ-) and negligible electron-acceptor 
component (γ+). Electrostatic interactions at high ionic strength 
were duly suppressed and the interaction of the membrane and 
foulant at contact was better explained by acid base interactions 
from the two surfaces. The surface free energies correlated 
strongly with the rates of membrane fouling and predicted 
membrane fouling by alginate. Strong correlation between the 
initial rate of fouling and the free energy of adhesion confirmed 
the above observation. Long term fouling of the membrane was 
governed by the interactions between the already laid alginate 
layer and the approaching particles; this was further 
complemented by the good correlation between the later fouling 
rate and the free energy of cohesion. This knowledge and the 
understanding of the specific ion interactions with foulants can 
provide more insight into strategies of controlling organic fouling 
of forward osmosis membranes. Modification of membrane 
support layer and specific reduction in calcium ion concentration 
in pre-treatment can lower the fouling propensity of forward 
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osmosis membranes in forward osmosis seawater desalination. 
Modification of the membrane support in relation to its structure 
is one effort that could lower fouling in PRO mode. (i.e. a thin and 
loose support layer promotes mass transfer within the support 
layer). Also the chemical properties of the support layer such as 
hydrophobicity affect membrane flux performance. In osmotically 
driven membrane processes the support layer must fully wet to 
ensure effective water transport. 
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CHAPTER 4 
COMBINED COLLOIDAL AND ORGANIC FOULING OF FO 
MEMBRANES: THE INFLUENCE OF FOULANT-FOULANT 
INTERACTIONS AND IONIC STRENGTH 
 
4.1 Introduction 
The previous chapter revealed that alginate fouling was 
accelerated by the presence of calcium ions and the loose 
structure of the membrane support layer aggravated fouling. 
However, the smooth, hydrophilic surface of the active layer was 
resilient to foulant deposition. Alginate aggregate deposition at 
the initial stages of membrane fouling was governed by short 
range attractive forces which were due to complementary acid-
base interactions. In this chapter the fouling behavior of alginate 
is further investigated in the presence of a co-foulant (silica 
colloids). It is hypothesized that the co-existence of both alginate 
and silica colloids a seawater level ionic strength will result in 
unique and more complicated fouling behavior than that observed 
when alginate existed alone in the feed solution. This could be 
attributed to inter-foulant interactions that in turn could influence 
foulant deposition onto the membrane surface.  
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Thus a newer approach into studying membrane fouling was 
proposed, where the membrane was fouled with the two 
different foulants at alternating sequences (sequential fouling). 
Thus, we assumed that when the membrane surface is already 
covered with one foulant, we could deduce information on the 
interactions between the different foulants in a very simple 
manner from the successive fouling trend (as deposition of a 
subsequent foulant on the already laid foulant is mainly 
dependent on foulant-foulant interactions).  
Therefore, the objective of this study was to identify and 
determine the exact key interactions between organic and 
colloidal foulants (alginate and silica colloids) when co-existing in 
the feed solution.  
4.2 Materials and Methods 
4.2.1 Feed and draw solutions 
Membrane fouling tests were performed with the individual 
foulants (alginate and silica colloids) and their mixture without 
and with cations (Na+ and Ca2+) as presented in Table 4.1. The 
alginate concentration used for all fouling tests in this chapter was 
also kept at 200 mg/L while the silica colloid concentration was 1 
g/L. Corresponding draw solutions were adjusted accordingly to 
achieve similar initial fluxes during fouling. The differences in the 
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degree of internal concentration polarization and external 
concentration polarization due to the different feed 
concentrations were the reason for the large deviation among the 
draw solution concentrations. The different salt concentrations 
will give rise to differences in internal concentration polarization 
and different osmotic pressures across the membrane. And due to 
different reverse solute diffusion rates, over time the permeate 
fluxes will differ amongst the experiments. No further pH 
adjustments were conducted; the solutions were tested at their 
ambient pH (6.90 ± 0.45). No large pH variations were observed 
during the experiments.  
Table 4.1: Feed solution composition and draw solution 
concentrations 
Feed composition Total ionic 
strength 
(mM)  
 DS concentration 
(MNaCl) 
Alginate 0 1.8 
Silica colloids 
Alginate +Silica colloids 
Alginate + 0.476 M NaCl+ 
0.008 M CaCl2 
 
500 3.5 
Silica colloids + 0.476 M 
NaCl + 0.008 M CaCl2  
 
ST-ZL Silica colloids + 
Alginate + 0.476 M NaCl + 
0.008 M CaCl2 
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4.2.2 Membrane fouling protocols 
Since this work is a build-up from Chapter 3; the same cellulose 
triacetate membrane was used to investigate combined foulant 
behavior. Three sets of fouling experiments were performed in 
this chapter: i) salt-free tests where the three foulant were 
filtered without the NaCl and CaCl2 salts, ii) fouling with alginate, 
silica colloids and their combination in the presence of NaCl and 
CaCl2 salts. The last set of fouling tests was aimed at investigating 
the direct foulant-foulant interactions between alginate and silica 
colloids via sequential membrane fouling. The membrane was 
used to filter the two foulants (alginate and silica colloids) and 
their mixture in alternating sequences. These sequential fouling 
tests were conducted over two 24 h segments (48 h). All fouling 
experiments were conducted with the membrane oriented with 
the active layer facing the draw solution (PRO mode) to aggravate 
membrane fouling and clearly distinguish fouling mechanisms.  
The second laboratory scale forward osmosis unit was used for all 
fouling tests, where dry sodium chloride salt was used to re-
concentrate the draw solution instead of a concentrate salt 
solution. A new membrane coupon was used for each experiment 
and prior to each fouling experiment, a baseline experiment was 
performed as described in Chapter 2, section 2.4 (using a feed 
solution of Milli-Q with similar ionic strength but lacking the 
foulant). An initial permeate flux of 15.84 ± 0.75 L·m-2·h-1 was 
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induced by the 3.5 M draw solution listed in Table 4.1. This initial 
permeate flux was slightly lower than that attained from the 
previous chapter and this can be attributed to the different 
membrane batch used for these membranes.  
4.2.3 Membrane and foulant analysis  
The same dynamic light scattering procedure described in Chapter 
2, Section was used to determine the average hydrodynamic 
diameters for alginate, silica colloids and their mixture in the 
0.476 M NaCl + 0.008 M feed solution. Electrophoretic mobility 
measurements were done to determined alginate surface charges 
on foulants in the presence of both Na+ and Ca2+.  
Fouling layer morphology on the membrane surface was analysed 
using scanning electron microscopy (SEM) following the 
procedures described in Chapter 2, Section 2.5.4. Contact angle 
measurements on membrane surface and filtered foulant lawns 
were also performed following the exact procedure mentioned in 
Chapter 2, Section 2.5.2.2. 
4.3 Results and discussion 
4.3.1 Characterisation of membrane and foulants  
The resulting foulant sizes and surface charges after both foulants 
were mixed with the elevated concentrations of Na+ and Ca2+ are 
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presented in Table 4.2. Both alginate and colloidal silica recorded 
negative zeta potential values, indicating their negative surface 
charge. The colloidal silica exhibited a slightly more negative 
charge (-54 mV) compared to alginate (-47 mV) in the absence of 
cations. The presence of cationic species (Na+ and Ca2+) 
substantially reduced the surface charge of both foulants and 
their combination. The surface charge of both alginate and silica 
colloids were significantly reduced in the presence of both Na+ 
and Ca2+, but no complete charge neutralization was reached. 
However, the extent of charge reduction was not the same for 
both foulants, with alginate’s charge being mostly reduced; 
recording -8.85 versus the -14.2 mV for the colloids. This could be 
due to the fact that the amount of silica colloids (1 g/L) used for 
purposes of this study was too high to be completely neutralized. 
A similar observation was made when the silica and alginate co-
existed, the particles’ surface charges were reduced from -72.15 
to -15.2 mV.  
According to the literature as well as the previous chapter, the 
addition of salts, particularly calcium salts, to alginate-containing 
solutions should result in the formation of a highly organized gel-
type conformation that should increase both the alginate 
aggregate size (Listiarini et al., 2011). The significant increase in 
size was evident from the measured hydrodynamic diameter of 
alginate in the presence of Ca2+ as listed in Table 4.2. The size and 
charge results of the combined or mixture of the two foulants 
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should be viewed with reservation since the colloidal silica was 
the most active light-scattering species during dynamic light 
scattering analysis, mainly due to the particle concentration, size 
and shape; therefore the recorded particle size of the mixed 
foulants of 177 nm could have been highly influenced by the silica 
colloids since it was close to that of silica alone (156 nm).  
Table 4.2: Alginate average zeta potential and average 
hydrodynamic diameters  
Sample Zeta potential 
(mV) 
Hydrodynamic diameter 
(nm) 
ST-ZL -54 ± 2 139 ± 1 
ALG -47 ± 4 66 ± 5 
ST-ZL + ALG -72 ± 2 184 ± 3 
*ST-ZL (0.5) -14 ± 1 156 ± 1 
*ALG (0.5) -9 ± 2 535 ± 9 
*ST-ZL+ ALG 
(0.5) 
-15 ± 2 177 ± 4 
*0.5 M Feed ionic strength. ST-ZL: Model silica colloids. ALG: 
Alginate. A 95 % confidence interval was determined for the data 
with a determined mean, n = 4, z (critical value) = 1.960. 
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Scanning electron microscopy was used to determine the macro-
scale surface morphology of the different fouling layers and the 
obtained micrographs showed the appearance of the different 
cake layers after fouling the forward osmosis membrane surface 
with the different single foulants and their mixtures. Figure 4.1(a) 
shows the clean support layer surface before fouling. The silica 
resulting silica colloids cake layer is shown in Figure 4.1(b), while 
the alginate fouling layer showed is displayed by Figure 4.1(c). 
When the two foulants were mixed, a crumb-like cake layer was 
formed that appeared to be made up of layers of alginate-silica 
aggregates (Figure 4.1(d)).  
 
 
 
(a) (b) 
(c) (d) 
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Figure 4.1: SEM micrographs of FO membrane surface fouled 
with: (a) the clean cellulose triacetate support layer, (b) ST-ZL 
colloidal silica, (c) alginate and their mixture (d). The feed solution 
ionic composition was made up of 476mMNaCl + 8 mM CaCl2 + 
alginate. 
4.3.2 Membrane fouling behaviour caused by single and 
combined foulants 
When the membrane was fouled with both foulants and their 
mixture in the absence of abundant cationic species, no severe 
fouling was observed and all foulants resulted in almost identical 
fouling profiles (Figure. 4.2). However, when calcium ions (0.008 
M) together with a high concentration of sodium ions (0.476 M) 
were added, clear distinctions in fouling rates were observed 
between the different foulants (Figure 4.3). Figure 4.3 also shows 
that during the earlier stages of filtration the baseline experiment 
(without a foulant) exhibited a similar flux loss rate as the silica 
colloids. This observed flux loss was mainly caused by the 
increased feed solution concentration which then reduced the 
effective driving force. However, after about 8 h of filtration, the 
silica colloid permeate flux trend deviate from that of baseline 
indicating continual loss in permeate flux was noticed over the 
entire filtration period. On the other hand, alginate fouling was 
distinct resulting in a high initial flux loss rate compared to that of 
the baseline experiment indicating that flux loss was mainly due 
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to foulant deposition. In most studies on combined fouling, tests 
involving the mixture of alginate and silica colloids resulted in 
severe permeate flux decline (Boo et al., 2012). This observation 
has mainly been attributed to the synergy between the two 
foulants manifested through increased fouling rate compared to 
that of single foulants.  
However, interestingly, in this study, when the two foulants co-
existed in the same feed stream, they exhibited a fouling trend 
very similar to that of alginate alone (Figure. 4.3), contradicting 
several observations made in reverse osmosis studies that 
reported a clear synergy between the two foulants at lower ionic 
strength (Li and Elimelech, 2006; Kim et al., 2014). This deviation 
in fouling behavior is mainly due to the structures of the fouling 
layers resulting from the different membrane processes. In 
forward osmosis, the lack of hydraulic pressure allows for the 
formation of relatively loose cake layer where foulant deposition 
is dependent on permeation drag, while the reverse osmosis 
process results in a compact and cohesive fouling layer that has 
more resistance to permeate flow, resulting in higher flux decline 
rates. The cake/gel layer resulting from silica and alginate fouling 
had different structural properties which in turn influenced solute 
back-diffusion rates. It also indicates that the resulting gel layer 
due to combined alginate-silica fouling had a similar hydraulic 
resistance to that of alginate alone and the alginate aggregates 
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had a primary role in the cake layer formation during combined 
fouling (Xiaohua and Elimelech, 1997). 
It has been reported that organic fouling is highly influenced by 
the presence of Ca2+ ions in the feed stream (Listiarini et al., 
2011). Therefore, the severe permeate flux loss observed with in 
the presence of calcium ions was due to gel layer formation 
(alginate-Ca2+ complexation). This is online with what was 
observed from the previous chapter (Chapter 3). The obtained 
results of combined alginate-silica colloids fouling are complex 
and have important implications on membrane flux decline during 
seawater treatment, thus motivating the exploration of a new 
approach of investigating inter-foulant interactions where the 
membrane was fouled with each single foulant in alternating 
sequences. Further discussions and observations made on this 
approach are discussed in detail in Section 4.4. 
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Figure 4.2: Permeate flux decline curves due to fouling with single 
foulants (ST-ZL-colloidal silica, 1g·L-1and alginate, 200mg·L-1) and 
their combination without addition of NaCl and CaCl2 salts. The 
baseline feed lacked the foulants only. 
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Figure 4.3: Permeate flux decline curves due to fouling with single 
foulants and their combination in the presence of 476 mM NaCl 
and 8mM CaCl2. The membrane area was deemed representative 
and fouling experiments were performed once. 
It is also worth mentioning that the feed ionic strength played a 
significant role in the observed flux loss. The high feed stream 
ionic strength (0.5 M) greatly reduced the Debye length and 
electric double layer such that the effect of normal particle-
particle electrostatic forces was largely suppressed and short-
range non-electrostatic interactions became dominant 
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(Mishuchuk, 2008). The excessive reduction in repulsive forces 
amongst foulant particles results in the formation of a more 
densely packed cake layer on the membrane surface, which 
consequently causes a greater resistance to permeate flow (this is 
later explained using the deriving the Liftshitz-van der Waals and 
acid-base interaction of the foulants and membrane surfaces 
(Milojka et al., 2001). Thus, the permeate flux loss at seawater 
level ionic strength can be partly attributed to the significant role 
of then non-electrostatic forces between the foulants and the 
membrane, as well as between the on-coming foulant particles 
and the already deposited cake layer (Hansen and Lowen, 2000; 
Schiebl et al., 2012).  
4.3.3 Contact angles and interfacial free surface energies 
The measured contact angles for the different foulants and 
membrane surface are presented in Table 4.3. The silica colloids 
were a difficult sample to analyze particularly with water due to 
its high hydrophilicity. It recorded the lowest angle for all probe 
liquids. These angles were then used to compute the surface 
tension components of all measured surfaces presented in Table. 
4.4.  
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Table 4.3: Measured contact angles for the membrane surface and 
the foulant lawns  
 Membrane Foulant 
Probe liquids CTA Alginate  Silica Alginate + Colloids 
DI 63 ± 2 40  18 ± 6 19 
Glycerol 67 ± 2 67 ± 1 26 ± 2 27 ± 1 
Diiodomethane 44 ± 1 41 ± 2 37 ± 3 41 ± 1 
*Student t test, n=16, df= 15, t critical = 2.13, confidence interval 95 %. 
CTA-cellulose triacetate membrane; the support layer was the analyzed 
surface. 
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Table 4.4: Surface tension components for the membrane and the 
foulant layers 
 γ
LW
 
(mJ/m
2
) 
γ+ 
(mJ/m
2
) 
γ
- 
(mJ/m
2
) 
γ
AB 
 γ
TOT
 
(mJ/m
2
) 
CTA 36.8 ± 1.6  1E-06 21.1 ± 3.6 0.009 36.8 ±1.5 
Alginate 39.5 ± 2.7 1E-04 24.5 ± 1.9 0.09 39.6 ± 2.6 
Silica  40.6 ± 
0.96 
1.7 46.7 ± 0.2 17.8 58.4 ± 1.1 
Alginate + 
colloids  
39.1 ± 0.5 1.9 ± 0.1 37.3 ± 1.0 16.8 55.9 ± 1.2 
*These surface tension components were computed based on the 
contact angles in table using the mean, the lower, upper limits based on 
the standard deviations. CTA is the support layer of the cellulose 
triacetate membrane.   
Further insight (elucidate) into the membrane fouling process was 
attained by computing the surface free energies for the 
membrane and foulants using measured contact angles of 
diiodomethane, glycerol and the salt solution containing Na+ and 
Ca2+. The resulting interfacial energies are displayed in Table 4.5. 
Alginate exhibited a negative energy of cohesion (-7.24 mJ·m-2) 
suggesting that the macromolecules would rather form an 
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interface among themselves (hydrophobic attraction) in the feed 
solution, rather than forming an interface with water. This also 
implies that alginate is more likely to be deposited on a 
membrane surface already covered with alginate aggregates 
(Troger et al., 1997; Milojka et al., 2001). On the other hand, the 
silica colloidal silica exhibited a strongly positive energy of 
cohesion (20.9 mJ·m-2) implying that the colloids would rather 
form strong interfaces with water other than aggregating, this is 
further supported by the measured water contact angle for the 
silica colloids filtered lawn. The energy of cohesion result indicates 
that for the silica colloids, the critical coagulation concentration 
has not been reached and colloidal particle deposition onto the 
membrane could only be prompted by the presence of a strong 
permeate drag force. A similar observation was made for the 
mixture of the two foulants, suggesting that the measured surface 
was dominated by the silica colloids which were present in larger 
concentrations compared to the alginate.  
A similar trend was observed with the computed energy of 
adhesion; alginate had the most negative value, the colloids 
recorded a strong positive energy value, while the energy value 
for the mixture of alginate and silica colloids was weakly positive. 
This means that during the initial stages of membrane fouling the 
alginate macromolecules would attach spontaneously upon 
deposition onto the membrane surface, leading to a high initial 
permeate flux loss rate as shown in Figure 4.3 and Table 4.6. 
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As already indicated by the strong positive adhesion energy, the 
silica colloids will only be deposited on the membrane surface 
under conditions of high permeate drag force (Li et al., 2012; 
Zhang et al., 2012). This was supported by the low flux decline 
rate (high permeation rate) at the initial stages of fouling 
experiments as well as the positive energy of adhesion (9.84 
mJ·m-2). Unlike the alginate or colloidal silica, the adhesion energy 
value for the mixture of alginate and colloidal silica was weakly 
negative (2.90 mJ·m-2) implying that the affinity for the membrane 
surface was low. It could then be suggested that permeation drag 
forces were dominant in the deposition of the combined alginate-
silica aggregates resulting in a higher initial flux decline rate as 
that observed during alginate fouling. This is further 
complemented by the size of the primary foulant (alginate; Table 
4.2). This implies that the contact angle approach followed in this 
work could not accurately predict foulant-membrane interactions 
of the combine feed stream tested in this work.  
In addition, interactions energies determined for the mixture from 
filtered lawns might not reflect full foulant behavior in FO 
applications. This was because the analyzed layers were prepared 
differently, during fouling one foulant dominated (alginate) 
resulting in a different cake layer, while pressure filtered foulant 
law had a different cake layer structure as well. However, the 
obtained data still indicate that the combined feed foulants would 
be deposited easier than that of silica alone. Therefore, more 
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insight is required to understand the exact foulant-foulant 
interactions when alginate co-exists with silica colloids. An 
attempt to address this was made in the next sections. 
Table 4.5: Interfacial free energy of cohesion for alginate, colloidal 
silica and their mixture. 
 ∆𝑮𝟏𝟑𝟏
𝑳𝑾  
(mJ/m2) 
∆𝑮𝟏𝟑𝟏
𝑨𝑩  
(mJ/m2) 
∆𝑮𝟏𝟑𝟏
𝑻𝑶𝑻 
(mJ/m2) 
Alginate 
-5.22 -2.02 -7.24 
Colloids 
-5.80 26.7 20.90 
Alginate 
+colloids 
-5.02 15.5 10.5 
*The interfacial free energies were calculated using the surface 
tension components presented in table 4.4. 
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Table 4.6: Interfacial free energy of adhesion for alginate, colloidal 
silica and their mixture. 
 ∆𝑮𝟏𝟑𝟐
𝑳𝑾  
(mJ/m2) 
∆𝑮𝟏𝟑𝟐
𝑨𝑩  
(mJ/m2) 
∆𝑮𝟏𝟑𝟐
𝑻𝑶𝑻 
(mJ/m2) 
Alginate -4.52 -5.62 -10.13 
Colloids -4.76 14.60 9.84 
Alginate 
+colloids 
-4.43 7.33 2.90 
 
4.3.4 Sequential membrane fouling 
4.3.4.1 Inter-foulant interactions and cake layer formation 
To elucidate the possible inter-foulant interactions during 
combined organic and colloidal fouling, a new approach of 
investigating membrane fouling was used. In this approach, the 
membrane was fouled with the two foulants (colloidal silica and 
alginate) in alternating sequences. Therefore, the second fouling 
trend was greatly influenced by the cake layer developed during 
the first fouling run.  
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There was a significant jump in permeate flux when switching 
from one foulant species to another. This curious regain in flux 
was only due a mismatch in the feed ionic strengths, that is, the 
subsequent fresh feed’ ionic strength was lower compared to the 
previous feed and as such the osmotic driving force was increased 
temporally restoring permeate flux. The effect of the ionic 
strength differences is investigated in detail in the next section. 
However, directly after the start of the second fouling runs, there 
was a conspicuous decline on the regained permeate flux to an 
almost stable flux points marked i, ii and iii in Figure 4.4 for 
alginate-silica colloids, silica colloids-alginate and combined-
combined sequences. This sharp permeate flux loss might be 
attributed to increase in gel layer resistance and cake-enhanced 
osmotic pressure due to the high concentration of salt at the 
membrane surface that severely reduces effective osmotic 
pressure. The combined alginate-colloid feed had the steepest 
slope indication that the formed gel layer could enhance cake-
enhanced concentration polarization (Boo et al., 2012). Another 
striking observation was that the stable flux points (flux leveling-
off point) were different for the three sequences: the silica 
colloids-alginate sequence recorded no further flux decline below 
40% of the initial flux, 50% was the stable flux point for the 
reverse sequence (alginate-silica colloids) and the combined-
combined sequence was stable at 37% (more or less comparable 
to silica colloids-alginate). These observations reveal that during 
combined alginate-colloid fouling hindered colloid back diffusion, 
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hydraulic resistance and cake-enhanced osmotic pressure play a 
major role in permeate flux loss while hydraulic resistance and 
cake-enhanced osmotic pressure were the main mechanisms 
during alginate fouling.  
 
Figure 4.4: Sequential membrane fouling experiments with single 
foulants in alternating sequences. ST-ZL SC represents silica 
colloids and ALG is for alginate. The baseline feed had no foulant 
only 0.476 M NaCl + 0.008 M CaCl2) solution. A fresh feed solution 
with an ionic strength of 0.5 M was used for the subsequent 
fouling run.  
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4.3.4.2 The influence of ionic strength on foulant deposition 
during sequential filtration experiments 
In order to investigate the influence of feed ionic strength on the 
partial flux recovery and whether the real flux decline in the 
consecutive fouling experiments was due to CEOP or hydraulic 
resistance-or a combination of both, another series of 
experiments were carried out whereby the ionic strength of the 
second feed solution was adjusted to the same value as the feed 
solution at the end of the first fouling run, by matching the 
conductivity of the feed solution at the start of the second fouling 
run to that of the final conductivity value of the first fouling run 
through the addition of sodium chloride. 
Unlike what was observed in the previous section (Figure. 4.4), no 
flux was regained for the fouling sequence of alginate-silica 
colloids and combined-combined (Figure 4.5). The flux decline 
trends followed a clear continuation from the previous 
experiments. This provides evidence that the temporal regain in 
flux observed in the previous set of experiments for these 
combinations of foulants was mainly due to the low ionic strength 
of the new feed. In contrast, a large proportion of permeate flux 
(about 80%) was recovered when a second feed of alginate was 
used to foul the membrane already covered by colloidal silica. This 
suggests that alginate might have an abrasive effect of on the 
colloidal silica already deposited, an observation that serves as 
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proof that alginate adsorbs on the silica colloids (and 
subsequently tearing the silica layer off the membrane surface 
leading to a significant period of permeation flux recovery). 
Further proof of alginate’s abrasive effect on the silica layer is 
provided by Figure 4.6. When silica is used instead of alginate in 
the second fouling run to further foul the silica-fouled membrane 
(after correcting the ionic strength), no permeate flux recovery is 
observed but a continual flux decline until the stable flux point. 
This shows that it is through specific adsorption of alginate onto 
the silica, that the combined fouling layers are formed. This could 
also be an indication why the fouling trends mainly seem to follow 
the characteristics of the alginate. 
The interaction between alginate macromolecules was probed 
using QCM-D and the results are shown in Figure 4.7, depicting 
multiple overtones of the adsorption experiment. After the 
injection of the alginate solution (at t = 15 min) there was a rapid 
change in the frequency to -59 Hz an indication of alginate 
adsorption on the silica, indicating a rise in dissipated energy. This 
observation interaction between the two model foulants is 
completely different from what has been previously reported at 
low/moderate ionic strength which suggests that the extreme 
reduction in Debyle screening length allowed for non-electrostatic 
interactions between alginate and silica colloids. At this ionic 
strength, membrane fouling does not entirely depend on foulant-
membrane or foulant-foulant interactions but also on non-specific 
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electrostatic interactions, such as weakened electrostatic inter 
foulant and foulant-membrane interactions as described by (Eq. 
4.1). This can be attributed to the high feed stream ionic strength 
which greatly reduced the debye length (Schiebl et al., 2012). The 
Debye screening length can be calculated as follows: 
  𝜅−1 =   
2000𝑒2𝑁𝐴 𝐼
Ԑ𝑟Ԑ0𝐾𝑇
 
−
1
2
   (Eq. 4.1) 
Where: 
 e is the elementary charge,  
 NA is Avogadro’s number,  
 i is the ionic strength (M),  
 Ԑr is the dielectric permittivity of water,  
 Ԑo is the permittivity of free space, 𝜅 is the Boltzmann 
 constant,  
 T is the absolute temperature (K).  
 
The equation above shows that the Debye screening length 
decreases as the ionic strength concentrations increases, and 
electric double layer (EDL) force decreases. Therefore, the 
reduction in repulsive forces amongst foulant particles, results in 
the formation of a more densely packed cake layer on the 
membrane surface, which consequently cause a greater resistance 
to permeate flow. Thus the severe fouling under this ionic 
strength can be partly attributed to the severe reduced 
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electrostatic repulsion between the foulants and the membrane 
as well as that between the on-coming foulant particle and the 
already deposited cake layer. 
Figure 4.5: Sequential membrane fouling experiments with single 
foulants in alternating sequences. The feed solution was adjusted 
to the same ionic strength as the previous feed solution. ST-ZL SC 
represents silica colloids, ALG is for alginate and combined is the 
mixture of the two foulants.  
Time (h)
0 10 20 30 40
N
o
rm
a
li
z
e
d
 f
lu
x
 (
J
/J
o
)
0.0
0.2
0.4
0.6
0.8
1.0
1.2
ST-ZL SC - ALG
ALG - ST-ZL SC
Combined - Combined
 
Chapter 4: Combined colloidal and organic fouling of FO membranes: The influence 
of foulant-foulant interactions and ionic strength 
162 
 
Time (h)
0 10 20 30 40
N
o
rm
a
li
se
d
 f
lu
x
0.0
0.2
0.4
0.6
0.8
1.0
ST-ZL - ST-ZL
New feed
 
Figure 4.6: Consecutive membrane fouling experiments 
performed with only colloidal silica (ST-ZL). The feed solution was 
adjusted to the same ionic strength as that of the previous feed 
solution. 
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Figure 4.7: Areal mass of the adsorbed alginate layer on the silica 
particle surface as a function of time. The numbers on the legend 
refer to overtones (n) 3, 5, 7 and 9. 
4.4 Conclusions 
When alginate co-existed with silica colloids in the same feed 
solution, cake layer formation was dominated by alginate. The 
fouling trend obtained from combined alginate-colloids feed was 
very similar to that of alginate alone, an indication that the 
combined foulant gel layer had the same hydraulic resistance as 
that of alginate alone. It was also revealed that alginate had a 
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primary effect on the cake layer formation during combined 
fouling; that is the presence of alginate resulted in faster 
permeate flux decline. The new approach of sequential fouling 
experiments and QCM-D analysis provided proof of the adsorption 
of alginate onto the surface of silica particles surfaces which led to 
altered colloid-colloid interactions. There was no clear evidence of 
synergy between alginate and the silica colloids during combined 
fouling, since combined fouling layer had the same characteristics 
as the alginate fouling layer. Hindered colloid back diffusion in the 
presence of alginate gel layer and cake enhanced osmotic 
pressure were most likely the mechanisms responsible for the 
observed flux decline during combined fouling. The feed ionic 
strength also influenced permeate flux loss, manifested through 
the excessive reduced Debyle screening length and electric double 
layer forces such that the electrostatic forces were suppressed 
and only non-electrostatic forces became dominant in foulant-
foulant and foulant-membrane interactions. 
The contact angle approach used in this work could not clearly 
define foulant-membrane interactions of combined foulants feed 
streams. The new approach of sequential fouling experiments 
revealed that alginate adsorbs on silica colloids, and it is most 
likely through this specific adsorption that combined fouling 
results in fouling layers with similar characteristics to that of the 
alginate fouling layer. This study has brought different insights 
into the interpretation of combined fouling behaviour, though 
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improvements could be made in developing newer models that 
could account for the surface interaction during combined fouling. 
 138 
 
CHAPTER 5 
INVESTIGATING THE ROLE OF FOULANT SYNERGISTIC EFFECTS 
AND MEMBRANE SURFACE PROPERTIES ON FOULING DURING 
WASTEWATER RECLAMATION 
 
5.1 Introduction 
The previous two chapters have shown that alginate which 
represents common polysaccharides in water was an important 
foulant during seawater desalination. The high presence Calcium 
and Magnesium ions intensified aggregation of alginate 
macromolecules such that fouling was accelerated. Inter-foulant 
interactions between alginate and silica colloids proved to be a 
significant factor influencing permeate flux loss and cake layer 
structure during simulated seawater desalination. In this chapter 
three more organic foulants (humic acid, bovine serum albumin 
and octanoic acid) were added in varying concentrations to 
simulate the different components of effluent organic matter 
(EfOM) in treated wastewater effluent. However, in these 
experiments the influence of alginate on membrane fouling was 
tested at lower foulant concentration, feed ionic strength and on 
a thin film composite membrane.  
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This chapter is aimed at investigating the exact foulant-foulant 
interactions that influences permeate flux decline and organic 
fouling layer formation when effluent organic matter fractions co-
exist in varying concentrations. Fouling tests were performed with 
the high performance polyamide modified thin film composite 
forward osmosis membrane characterised by a hydrophilic 
surface. Particular emphasis was made on studying the effect of 
foulant synergy on permeate flux loss during wastewater effluent 
treatment. Furthermore, the effect of different membrane 
surfaces on fouling behaviour was investigated using two 
additional forward osmosis membranes.  
5.2 Experimental 
5.2.1 Foulants and feed solutions  
The detailed description of the properties of alginate, bovine 
serum albumin, humic acid and octanoic acid are given in Chapter 
2, Section 2.2.2. The desired fouling concentrations of these 
organic foulants were 200 mg/L, 100 mg/L, 80 mg/L and 20 mg/L 
for humic acid (HA), bovine serum albumin (BSA), alginate (ALG), 
and octanoic acid (OA) respectively. The total feed ionic strength 
was fixed at 20 mM using 17 mM NaCl and 1 mM CaCl2. The 
fouling characteristics and potential of the model organic foulants 
were determined by conducting single foulant experiments for all 
four model foulants. Possible synergistic effects between foulants 
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were investigated by preparing mixtures of two or more foulants 
that were then used to conduct fouling tests. The different feed 
solutions used to investigate thin film membrane fouling 
behaviour are listed in Table 5.1.  
Table 5.1: Feed solution compositions and draw solution 
concentrations 
Feed solution 
composition  
Ionic Strength (mM) Draw solution 
concentration (M) 
100 mg/ L BSA 20 (17 mM NaCl + 1 
mM CaCl2) 
3.0  
80 mg/L ALG 
 
  
20 mg/L OA 
 
  
200 mg/L HA   
 
*BSA + ALG 
 
  
*ALG + HA + OA 
 
  
*ALG + OA + BSA 
 
  
*ALG + HA + BSA 20 (17 mM NaCl + 1 
mM CaCl2) 
2.7  
*ALG + HA + BSA 20 (17 mM NaCl + 1 
mM CaCl2) 
3.5  
*The concentrations of the single foulants were kept the same in their mixtures 
(100, 80, 20 and 200 mg/L for bovine serum albumin; BSA, alginate; ALG, 
octanoic acid; OA and humic acid; HA, respectively.  
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5.2.2 Fouling protocols  
The thin film composite membrane was used as the primary 
membrane for all the fouling tests conducted in this chapter and it 
fouling behaviour was compared to that of cellulose triacetate 
and porifera using the feed solutions that resulted in more severe 
permeate flux loss. Fouling tests were also run using the forward 
osmosis unit describe in Chapter 4 (draw solution re-
concentration was performed using dry sodium chloride salt). The 
concentration of the draw solution was fixed at 3.0 M NaCl for all 
experimental tests conducted with the thin film composite 
membrane and was adjusted accordingly for the other 
membranes (cellulose triacetate and porifera) to achieve an initial 
permeate flux of 20.12 (± 0.87) LMH.  
Prior to the membrane fouling tests, baseline experiments were 
conducted with feed solution lacking the foulant. This was 
followed by the membrane fouling experiments which were 
performed for 24 h. The active layer-facing-feed solution (FO 
mode) configuration was used during all fouling tests. The cross-
flow velocity was fixed at 10 cm s-1. 
5.2.3 Membrane and foulant characterization  
The same dynamic light scattering procedure described in Chapter 
2, Section 2.5.6 was used to determine the average hydrodynamic 
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diameters for alginate, bovine serum albumin, humic acid and 
their mixtures in the presence of 17 mM NaCl + 1 mM CaCl2 feed 
solution. Electrophoretic mobility measurements were performed 
to determined surface charges of the organic foulants in the 
various synthetic water types.  
Basic water contact angle measurements were performed on the 
clean membrane surfaces and membrane surface roughness was 
determined using atomic force microscopy. Both techniques are 
described in detail previously in Chapter 2, sections 2.5.2.2 and 
2.5.3. Fourier transmission infrared spectroscopy was used to 
analyse the functional composition of membranes and the fouling 
layer covering the membrane surface. Sample analysis was 
conducted using the procedure laid in Chapter 2, section 2.5.5. 
5.3 Results and discussions 
5.3.1 Membrane characterization  
5.3.1.1 Membrane surface charge and surface morphology 
analysis 
Streaming potential measurements were performed to determine 
surface zeta potential for the clean surfaces (active layer) of the 
thin film composite membrane, cellulose triacetate and porifera 
membranes. The data in table 5.2 revealed that the porifera 
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membrane had the most negative surface charge (-16 mV). The 
thin film composite and cellulose triacetate membranes were also 
negatively charged; recording charges of -9 and -6 mV, 
respectively.  
Membrane surface morphology is known to play a significant role 
in membrane fouling (Parida and Ng, 2012). Therefore, atomic 
force microscopy was used to characterise the surface properties; 
mainly surface roughness of the thin film composite, cellulose 
triacetate and porifera membranes. Figure 5.1 show the 
micrographs of the analysed clean membrane samples. Table 5.2 
lists the membrane roughness in the order of several tens of 
nanometers. According to the data presented in Table 5.2, the 
thin film composite membrane had the greatest surface 
roughness; this was further supported by the visual observation of 
micrograph in Figure 5.1(a). The cellulose triacetate and porifera 
membranes had very close surface roughness (21 and 20 Ra).   
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Figure 5.1: AFM images of the membrane surface (active layer) 
for: a) thin film composite, b) cellulose triacetate and c) Porifera 
membranes. 
 
Chapter 5: Investigating the role of foulant synergistic effects and membrane 
surface properties on fouling during wastewater reclamation 
 
173 
 
Table 5.2: Average zeta potential and surface roughness for 
forward osmosis membranes.  
Membrane type  Zeta 
potential 
(mV) 
Surface 
roughness 
Ra (nm) 
TFC-ES -9 ± 2 37 ± 3 
CTA -6 ± 2 20 ± 1 
POR -16 ± 3 21 ± 1 
 
5.3.1.2 Infrared transmittance analysis  
The analysis of the membrane active layers with ATR-FTIR resulted 
in the infrared absorption peaks at the wave numbers (cm-1) listed 
shown in Figure 5.2. The thin film composite and cellulose 
triacetate membrane showed a strong carbonyl (-C=O) stretching 
in the 1700-1750 cm-1 region due to the presence of carbonly and 
carboxyl functional groups. The cellulose triacetate had a specific 
peak at 1366 cm-1which is due to alkane group (-CH3) bending 
which is a constituent of the cellulose backbone. The TFC and POR 
membrane had characteristic peaks at 1550-1750 cm-1 which were 
due to the presence of amides, and nitro groups as well as 
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primary and secondary amines. These functional groups are an 
indication that both the TFC and POR membranes had certain 
degree of polyamide surface modification. Closely similar spectra 
were obtained when the three membrane samples fouled with 
the mixture of alginate, bovine serum albumin and humic acid 
were analysed using FTIR. This was because the fouling layer 
covering the membrane surfaces had the same composition. This 
further confirmed membrane surface modification (foulant 
deposition). The only conspicuous peak is at 1033 cm-1 which 
resulted from the shift of the –C-O stretching peak due to foulant 
attachment of the membrane surface (Figure 5.3).  
 
Figure 5.2: FT-IR spectra of clean active layer for thin film 
composite, cellulose triacetate and porifera membranes  
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Figure 5.3: FT-IR spectra of fouled membrane surfaces for thin 
film composite, cellulose triacetate and porifera membranes. 
5.3.1.3 Contact angle analysis 
Basic water contact angle measurements were performed on both 
the clean and fouled membrane surfaces. The measured contact 
angles are given in Figure 5.4. All three clean membranes surfaces 
were found to be hydrophilic (i.e. water contact angle was < 90°). 
The thin film composite membrane had the lowest water contact 
angle 25°. The cellulose triacetate and porifera membranes were 
moderately hydrophilic, recording 42° and 45°, respectively. The 
deposition of foulants on the membrane surface increased the 
measured contact angle for all membranes, confirming the 
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presence of the mixture of organic foulants on the membrane 
surface (membrane surface modification) a conclusion that was 
also made from infrared spectroscopy results.   
 
Figure 5.4: Measured water contact angles for both clean and 
fouled membrane surfaces. TFC-ES is the thin film composite, CTA 
is cellulose triacetate and POR is the porifera membrane. 
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5.3.2 Effect of calcium ions on organic foulants 
The influence of divalent cations (particularly Ca2+) on organic 
fouling has been investigated and reported by several researchers 
using surrogate organic compounds (Xie et al., 2013). The 
presence of calcium (and also other divalent cations) has been 
reported to aggravate fouling caused by organic foulants via 
charge neutralization, complexation and the formation of calcium 
bridges (Tian et al., 2013). In this study, the feed ionic strength 
was fixed at 20 mM by setting the concentration of Na+ to 17 mM 
and that of Ca2+ to 1 mM. Table 5.4 presents the surface charge 
and hydrodynamic diameter of the different foulant in the 
presence and absence of Na+ and Ca2+. The data gives an 
indication that the cations have a major influence on the physico-
chemical properties of foulants. All three primary foulants were 
found to be negatively charged, with alginate and humic acid the 
most negatively charged, mainly due to the abundant presence of 
carboxylic acid functionalities. Therefore, the presence of cations 
had the most effect for alginate and humic acid, as evidenced by 
the large reduction in absolute value of the zeta-potential. The 
determination of both surface and hydrodynamic diameter of 
octanoic acid was not successful. The zeta potential of bovine 
serum albumin molecules was also significantly reduced in the 
presence of sodium and calcium ions. 
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The zeta potential and hydrodynamic diameter for mixed foulants 
was influenced by species concentrations, shape as well as 
foulant-foulant interactions. Therefore, the values presented here 
are averages of a range of particle sizes in the same feed sample, 
therefore data should be viewed with caution. However, the 
changes in the measured hydrodynamic diameters are in 
accordance with earlier reported studies on the influence of Na+ 
and Ca2+ on organic foulants (Jones and O’Melia; Kim and 
Dempsey, 2013; Valladares et al., 2014). The order of increasing 
particle size was BSA < HA < ALG. This trend supports what was 
observed with the surface charge reduction results. Alginate was 
consistent with the observed physicochemical (charge and particle 
size) changes. However, a noticeable deviation was observed with 
humic acid which resulted in less fouling even in the presence of 
calcium ions. This abnormal observation can be possibly explained 
by the humic acid-Ca2+ ratio used for the purposes of this study, 
there was not enough calcium ions to complex with humic acid, so 
there were abundant smaller particles compared to the larger 
ones which influenced the average size.  
Therefore, based on the zeta potential data presented in Table 
5.4, only bovine serum albumin molecules could be moderately 
rejected by the already weakly negative thin film membrane. 
However, this is discussed in detail in the sections to follow. 
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Table 5.4: Measured foulant zeta potentials and average 
hydrodynamic diameters in the different feed solutions. 
Feed samples  Zeta potential 
(mV) 
Hydrodynamic diameters 
(nm)  
HA* -48 ± 3 213 ± 10 
BSA* -10 ± 1 4  
ALG* -54 ± 3 66 ± 4 
HA  -27 ± 1 199 ± 2 
BSA -2 8 
ALG -14 ± 1 261 ± 8 
OA - - 
ALG + BSA -20 ± 3 349 ± 15 
ALG + HA + OA -19 ± 2 603 ± 19 
HA + BSA + OA -13 ± 1 377 ± 11 
HA + BSA + ALG -19 ± 5 - 
HA + BSA + ALG + 
AO 
- - 
*Measured zeta potential and hydrodynamic diameters in the absence 
of NaCl and CaCl2 salts. HA represents humic acid, BSA – bovine serum 
albumin, ALG – alginate, OA – otanoic acid. 
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5.3.3 Fouling characteristics of single foulants 
To establish the fouling tendency and potential of the model 
foulants representative of effluent organic matter fractions, single 
foulant feed solutions were used to investigate membrane fouling 
behaviour. The thin film composite membrane was used to 
perform all fouling tests. The resulting fouling profiles are 
presented and compared in Figure 5.5. The flux drop caused by 
octanoic acid is almost unnoticeable, permeate flux was stable 
throughout the experiment, and even higher than the baseline 
experiment at the end, indicating that no foulant deposition 
occurred. This is in accordance to what was reported by Ang and 
Elimelech, (2008), where octanoic acid was observed to cause 
fouling at only at pH levels below its pKa value (4.9) and at 
elevated pH no fouling was observed even in the presence of Ca2+.  
The flux decline trend due to humic acid fouling indicates that 
there was no noticeable flux loss (Figure 5.5). This could be further 
supported by the charges of both the membrane and the humic 
acid molecules which a both negative and humic acid was repelled 
by the membrane. However, humic acid resulted in a significant 
visual foulant deposition (Figure 5.6) explanation for this 
observation could be that the deposited fouling layer was highly 
porous such that permeation was not significantly affected by the 
deposited layer.  
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According to past studies the presence of Ca2+ can intensify humic 
acid fouling due to the formation of HA-Calcium complexes (Salehi 
and Madaeni, 2010; Xie et al., 2013; Lutchmiah et al., 2014; Wang 
et al., 2015). However, it appears that in this case either the Ca2+ 
did not have a similar influence on humic acid, and the 
assumption was that the humic acid is not very selective to 
calcium ions, as in this case the Na+ were in abundance (17 mM) 
compared to Ca2+ (1 mM), such that they competed with Ca+2 for 
the negative charges in humic acid. Salehi and Madaeni observed 
that when humic acid interacts with Na+ it results in significantly 
smaller aggregates that do not easily settle on the membrane 
surface.  
Contrary to octanoic acid and humic acid, bovine serum albumin 
and alginate had distinctive permeate flux decline trends (Figure 
5.5), despite being much lower in concentrations compared to 
humic acid. Alginate had a higher initial flux decline rate 
compared to bovine serum albumin. The significant initial flux 
decline caused by alginate fouling can be attributed to the 
formation of calcium-alginate complexes leading to increase in 
aggregate size that got easily deposited on the membrane surface 
(Zularisa et al., 2006; Hausman et al., 2010; Wang and Tang, 
2011). The subsequent gel layer was resistant to permeate flow 
which translated to significant flux loss.  
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Fouling due to bovine serum albumin molecules’ deposition 
showed a two-phased flux loss trend, with the initial stage 
characterised by constant flux without decline then followed by a 
steep decline in permeate flux after 7 hours of operation. An 
explanation for this observation could be that the less negative 
bovine serum albumin molecules initially adsorb onto the 
membrane surface in the presence of cations, but the adsorbed 
monolayer initially has a neglible effect on the membrane 
resistance and thus permeate flux remains stable (Ahmad and 
Hairul, 2008; Lee at al., 2014; Linares et al., 2014). As filtration 
proceeds, more protein molecules deposit on the adsorbed BSA 
monolayer due to permeation drag forming a multilayer of BSA 
that eventually leads to a drop in permeate flux (Jermann et al., 
2007; Wang and Tang, 2011; Kim and Dempsey, 2013 It can 
therefore be assumed that the interactions between adsorbed 
bovine serum albumin molecules and on-coming molecules 
enhance deposition of bovine serum albumin and the initial 
adsorption of bovine serum albumin is governed by BSA-
membrane interactions. These observations corroborate findings 
made in earlier investigations that polysaccharides and protein-
like fractions of wastewater effluent were responsible for severe 
membrane fouling during wastewater treatment (Zhang et al., 
2009; Zhao et al., 2010; Lee and Kim, 2014).  
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Figure 5.5: Permeate flux loss trends due to fouling by model 
organic foulants representative of EfOM fractions. The feed 
solution ionic strength was adjusted to 20mM with Na+ and Ca2+. 
Baseline feed contained only the NaCl and CaCl2 salt solutions.  
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Figure 5.6: Pictures showing the deposition of humic acid on the 
membrane surface at three different stages: (a) beginning of 
filtration; (b) after 6 h; and (c) at the end of the filter run.  
5.3.4 Effect of co-foulants on permeate flux loss 
The previous section (5.3.3) showed that in these experimental 
context, only alginate and bovine serum albumin resulted in 
severe membrane fouling. Therefore, the influence of the 
combination of the two foulants as well as their inter-foulant 
interactions were studied by performing fouling tests using feed 
solutions containing alginate and bovine serum albumin. The 
resulting fouling trends were then compared to those 
(b) (c) (a) 
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demonstrated by the single foulants in Figure 5.3. The outstanding 
observation is that the co-existence of alginate and bovine serum 
albumin resulted in more severe permeate flux loss than each 
individual foulant. The flux trend was again two-phased, i.e., 
characterised by a stable flux region followed by a high flux loss 
rate till a steady flux point was reached (Figure 5.7). This suggests 
that bovine serum albumin initiated the fouling process through 
interactions with the weakly negatively charged membrane. 
However, the total deposition was more pronounced leading to 
increased flux decline, which is an indication of the effect of 
synergy between the two foulants.  
The zeta potential results suggest that the two foulants should 
repel each other due to similar negative charges; however, there 
seem to be stabilized electrostatic interactions and van der 
Waals/hydrophobic interactions among the foulants that lead to 
the formation of alginate-bovine serum albumin aggregates as 
supported by the increase in aggregate size when the two are in 
the same feed solution (Table 5.3). It has been observed before in 
literature that BSA molecules are incorporated into alginate-
calcium complexes (Jones and O’Melia, 2000; Loh et al., 2009; 
Zhao et al., 2010; Han et al., 2013; Wandera and Husson, 2013).  
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Figure 5.7: Permeate flux loss trends due to fouling by a mixture 
of alginate and bovine serum albumin compared to the trends of 
the single foulants. 
5.3.5 Organic fouling with three co-foulants 
The next step was to investigate the influence of a third organic 
foulant on the already observed synergy between alginate and 
bovine serum albumin. Thus different feed solutions with either 
humic acid or octanoic acid were prepared and tested. Figure 5.8 
shows that the mixture of alginate, humic acid and octanoic acid 
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had an almost constant flux over the 24 h filtration period without 
any noticeable flux loss. This result was beyond expectation since 
alginate and humic acid in the presence Ca2+ has been reported to 
worsen fouling due to the formation of humic acid-Ca2+, alginate-
Ca2+ complexes that could lead to the formation of permeate 
resistant fouling layers. It could also be possible that alginate 
could not dominate humic acid during fouling in the same manner 
that was observed during seawater desalination, where the 
resulting cake layer had structural properties similar to that of 
alginate alone. Figure 5.9 show the influence of Ca2+ on the fouling 
potential of organic foulants. Calcium ions enhanced the alginate-
alginate and humic acid –humic acid complexation and their 
subsequent deposition on the membrane surface, resulting in 
more pronounced flux decline. This is an indication that the 
fouling potential of alginate is enhanced at increased calcium ion 
concentrations as previously observed in Chapters 3 and 4.  
In contrast to the mixture of alginate, humic acid and octanoic 
acid, a much more distinct flux loss was observed when the thin 
film composite membrane was used to filter a mixture of alginate, 
octanoic acid and bovine serum albumin (Figure 5.8). Permeate 
flux decline started-off slow followed by moderate continuous 
decline during the entire experiment. The resulting permeate flux 
decline trend was similar trend to that of the mixture of alginate 
and bovine serum albumin. Excessive flux loss was observed when 
humic acid was added to the mixture of alginate and bovine 
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serum albumin. Permeate flux loss rate was so rapid that it 
dropped to 10% in the first 10 hours of filtration and stayed stable 
afterwards (i.e., a more or less “steady state” flux point was 
reached, comparable to a limiting flux). This indicates that humic 
acid enhanced membrane fouling in the presence of bovine serum 
albumin and alginate. There seem to be favourable interactions 
between these particular foulant types that lead to excessive 
deposition rates onto the membrane surface. The differences 
observed in the flux decline rates might be attributed to the 
different organics-organics and organics-membrane interactions 
of these two fractions during filtration, which then leads to 
different fouling layer properties. These findings support findings 
made by earlier studies that humic acids, polysaccharides and 
proteins are the most significant foulants during treated 
wastewater reclamation, even in forward osmosis processes 
(Achilli et al., 2009, ang et al 2011; Wang et al., 2015). 
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Figure 5.8: Permeate flux loss trends due to fouling by model 
organic foulants representative of EfOM fractions: flux loss curves 
due to mixtures of 3 organic foulants in the presence of Na+ and 
Ca2+. 
5.3.6 Influence of membrane surface properties 
The streams containing the mixture of all foulants were then 
filtrated using the three different membranes (thin film 
composite, porifera and cellulose triacetate) under the same 
conditions and initial permeate flux. The resulting permeate flux 
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decline trends are displayed in Figure 5.10. The membrane 
properties seemed to play a major role when it comes to 
membrane fouling. The rough surface of the thin film membrane 
promoted significant foulant deposition particularly bovine serum 
albumin and alginate. Hardly any flux decline was seen for the 
smoother porifera and cellulose triacetate membranes. These 
results further, indicate that in the case of the thin film composite 
membrane, membrane surface properties were more important 
than electrostatic interactions in explaining foulant deposition. 
This was supported by Boussu et al., 2007 and Bowen and 
Doneva, 2007 who compared thin-film composite and polyamide 
RO membranes with cellulose acetate reverse osmosis 
membranes and demonstrated that the hydrophilic cellulose 
membranes with smooth membrane surfaces were less prone to 
colloidal fouling compared to the relatively more hydrophobic and 
rougher surface of polyamide membranes. This was attributed to 
the presumably lower shear rate over valley regions of the 
rougher surface of polyamide structures. 
The cellulose triacetate and porifera membrane had almost 
similar flux decline patterns as well as total flux loss. However, the 
initial flux loss rate was different for all membranes, suggesting 
that it was clearly governed by foulant-clean membrane 
interactions. Both the cellulose and the porifera showed superior 
anti-fouling behaviour compared to the thin film composite 
membrane. These results also reveal that the choice of membrane 
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is paramount when treating heavily impaired water sources like 
wastewater effluent (Loh et al., 2009; Tiraferri et al., 2011). 
 
Figure 5.10: Fouling behaviour of FO membranes when used to 
treat feed solutions containing a mixture of alginate, bovine 
serum albumin and humic acid. TFC-ES corresponds to thin film 
composite membrane, POR for porifera and CTA for cellulose 
triacetate. 
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5.4 Conclusion 
A series of fouling experiments using various feed compositions 
was conducted to determine the fouling behaviour of the thin film 
composite membrane when used to filter feed streams that 
simulate organic foulant composition in treated wastewater 
effluents. The thin film composite membrane exhibited superior 
performance compared to the traditional flat sheet cellulose 
triacetate membrane. Fouling tests using model organic foulants 
representative of the individual EfOM fractions (humic acid, 
alginate, bovine serum albumin, octanoic acid) indicated that 
intensive flux loss was mainly caused by carbohydrate and 
protein-like fractions through gel-layer formation and multiple 
layer adsorption.  
Fouling due to bovine serum albumin deposition resulted in a two-
stage flux decline profile characterised by the initial constant flux 
stage of monolayer adsorption followed by the rapid flux loss due 
to multiple BSA layer formation on the membrane surface. When 
both alginate and bovine serum albumin were present in the same 
feed solution more severe permeate flux loss was observed 
compared to that caused by either foulant. Bovine serum albumin 
molecules initiated foulant deposition when co-existing with other 
foulants. This finding suggests the existence of synergistic effects 
between the two foulants through electrostatic and hydrophobic 
interactions that lead to the formation of alginate-bovine serum 
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albumin aggregates. The much more complex feed solution of 
alginate + humic acid and bovine serum albumin caused excessive 
flux loss such that the flux dropped to 10% after just 10 h of 
filtration. The addition of humic acid to the already complex feed 
solution of alginate + bovine serum albumin greatly enhanced 
foulant deposition resulting in gross permeate flux loss. Alginate 
fouling was not as pronounced as it was observed at synthetic 
seawater feed streams. To some extent it was overwhelmed by 
the presence of other organic foulants. Membrane surface 
properties (surface roughness) were found to be important in 
describing foulant deposition. They were more dominant in 
controlling fouling, more than electrostatic interactions. 
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CHAPTER 6 
EVALUATION OF THE OSMOTIC BACKWASHING PROCESS FOR 
FOULED FO MEMBRANES: CLEANING MECHANISMS AND 
EFFICIENCY 
 
6.1 Introduction 
The previous three chapters have established the systematic 
membrane fouling behaviour during simulated seawater 
desalination and wastewater effluent reclamation. The alginate 
gel layer in the absence of hydraulic pressure is thick, but 
relatively soft and fluffy, indicating a loose structure which can be 
removed without the use of cleaning chemicals (Phuntsho et al., 
2011; Perez-Gonzalez et al., 2012; Corbaton-Baguena et al., 2014). 
Thus, this chapter entails the optimization of the simple osmotic 
backwash process and evaluating its efficiency in restoring 
membrane permeate flux. The forward osmosis process presents 
an opportunity to perform an online cleaning method where the 
draw solution is replaced by ultrapure water such that water 
permeates toward the fouling layer due to osmotic pressure 
difference between the residual feed solution and ultrapure 
water.   
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Therefore, the aim of this study was to determine the physical 
mechanisms involved during the osmotic backwashing of forward 
osmosis membranes fouled with alginic acid in simulated 
seawater environments. The influence of initial permeate drag 
forces on fouling layer formation and removal was investigated. 
The physical aspect of the cleaning process (permeation rate) on 
osmotic backwash efficiency was investigated by conducting other 
series of experiments where the different draw solution 
concentrations were used to induce permeation during cleaning 
experiments. The impact of other physical factors such as the 
shear force created by cross-flow velocity was studied by varying 
the cross-flow velocity during the backwashing procedure.  
6.2 Experimental 
6.2.1 Feed and backwash solutions 
Accelerated fouling experiments were first performed by filtering 
solutions of alginate. The alginate concentration was kept at 200 
mg L-1. The ionic strength of the feed solution for the fouling 
experiments was adjusted to 0.5 M by adding 0.476 M NaCl + 
0.008 M CaCl2 in order to match the ionic strength of seawater. 
These solution compositions (i.e. 8 mM CaCl2) ensured 
accelerated membrane fouling which can be considered as an 
extreme case compared to real practice and it was a purpose of 
these study to test these cleaning protocols under such extreme 
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conditions. Since positive performance will signal similar or even 
better performance in lighter fouling conditions. The feed 
solutions were tested at their ambient pH (6.90 ± 0.45) and no 
large pH variations were observed during experiments. 
6.2.2 Fouling protocols 
Prior to the membrane fouling tests, baseline experiments were 
conducted with feed solutions lacking the foulant. This was 
followed by the membrane fouling experiments which were 
performed for 24 h. The PRO mode configuration (with the active 
layer of the membrane facing the draw solution) was used during 
all fouling tests such that the feed solution faced the porous 
support layer. Fouling was performed using the forward osmosis 
unit used in the previous chapter. Both the feed and draw 
solutions had a fixed cross-flow rate of 4.0 cm·s-1. The initial 
permeate flux during filtration was 16.54 ± 0.74 Lh-1m-2. 
6.2.3 Membrane cleaning 
6.2.3.1 Effect of initial permeate flux on fouled membrane flux 
restoration 
A series of alginate fouling experiments were conducted using 
different draw solutions (1.5, 2.5 and 3.5 M) to induce different 
initial permeate fluxes. Due to the different permeate flux rates, 
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the feed solutions were concentrated to different levels (the 
osmotic pressure of the residual feed solutions varied) after 24 h 
of fouling. Foulant deposition is dependent on permeation drag 
which is a result of convective transport and cross-flow velocity, 
as well as reverse solute diffusion which subsequent influence 
permeation rates and therefore foulant deposition. Therefore, the 
adhesion and subsequent accumulation of foulants on the 
membrane surface at different drag forces is expected to vary. 
Cleaning was performed by simple reverse permeation; that is, 
the draw solution was replaced with ultrapure water and the 
remaining feed solution served as draw solution prompting water 
permeation from the draw side to dilute the residual feed. The 
operational conditions (cross-flow velocity and temperature) used 
during fouling were maintained during cleaning and the cleaning 
process was performed for 30 minutes using 3 L of ultrapure 
water. The weight changes of the feed solution were monitored 
through a data-logging program and later processed to calculate 
effective osmotic backwash fluxes. 
6.2.3.2 Influence of permeate rate on osmotic backwashing 
cleaning efficiency 
In this section fouling experiments were performed using 3.5 M 
NaCl, leading to a number of comparable flux decline patterns. 
After fouling, different membranes were osmotically backwashed 
using different backwash fluxes. For these experiments; the 
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“fouling draw solution” was replaced with ultrapure water, and 
the residual feed solution (on the fouled membrane side) was 
replaced with varying concentrations of NaCl “backwash draw 
solutions” (1.0, 1.5 and 2.5 M).  
6.2.3.3 Effect of feed water shear rate on fouling layer removal 
In investigating the effect of feed water cross-flow velocity on 
fouling reversibility, membrane fouling was performed as 
described in the previous sub-section, with a 3.5 M NaCl draw 
solution. Membrane cleaning was conducted using the 1.5 M NaCl 
as “backwash draw solution” on the feed side and the “fouling 
draw solutions” were again replaced with ultrapure water. To 
determine the contribution of shear force during membrane 
cleaning, the cross-flow velocity of the “backwash draw solution” 
was varied between: 4.0, 7.0 and 10.0 cm·s-1.  
6.3 Results and Discussion 
6.3.1 Influence of permeation drag forces on fouling 
When the membrane was fouled with alginate at different initial 
fluxes (osmotic driving forces), the fouling trends displayed in 
Figure 6.1 were obtained.  And it is clearly illustrated that high 
initial permeate flux resulted in higher initial fouling rates. An 
indication that initial fouling was largely influenced by permeation 
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drag forces; that is, foulant deposition is initiated by foulant – 
membrane collisions which are a result of convection transport 
towards the membrane surface (permeation drag force) (Goosen 
et al., 2004). Foulant deposition occurs only if the hydrodynamic 
drag forces exceed the interaction forces (Wijmas et al., 1984). In 
Chapter two, the cellulose triacetate membrane had an affinity for 
alginate aggregates at seawater ionic strength level (strong 
negative adhesion energy), therefore, this further supports that 
the observed differences in fouling rates are due to the varying 
permeation drag forces. Due to the different osmotic pressures 
created across the membrane, the influence of reverse solute 
diffusion and cake enhanced concentration were different. This 
observation is further complemented by the differences in fouling 
layer removal efficiencies observed when a simple osmotic 
backwash method was applied to clean the fouled membranes 
(discussed in the next sub section).  
 
Chapter 6: Evaluation of osmotic backwashing of fouled forward osmosis 
membranes: Cleaning mechanisms and efficiency  
 
200 
 
 
Figure 6.1: Normalized permeate flux decline as a function of 
permeate volume when fouling was performed at different initial 
permeate rates. 
6.3.2 Membrane cleaning 
6.3.2.1 Effect of initial permeate flux on fouling layer removal 
This section was aimed at testing the efficiency of a simple online 
osmotic backwash process in restoring membrane flux after 
fouling with alginate at different permeate rates. As already 
described previously; the draw solution was replaced with 
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ultrapure water and “reverse” permeation (permeation towards 
the fouling layer) was triggered by the concentrated feed residual 
feed solution (serving as a “secondary” draw solution). Figure 6.1 
displays the normalized flux as a function of permeate volume and 
it shows that higher permeate flux rate corresponded to higher 
accumulated permeate volume. Thus, we made the assumption 
that the residual feed solutions were concentrated to different 
levels. As the volume of feed water decreases (i.e., as feed water 
recovery increases), the solute concentration in the feed 
increases, and thus its osmotic pressure increases. However, 
when the residual feed solutions were tested during osmotic 
backwash there was no clear correlation between the observed 
cleaning efficiency and the assumed feed concentrations. The 
membrane fouled at the highest initial permeate flux using 3.5 M 
had the lowest (ca. 82%, Figure 6.2) flux recovery suggesting that 
the formed gel layer was resistant to permeate flow and it could 
not be easily detached from the membrane surface. When 1.5 and 
2.5 M residual feed solutions were tested membrane flux was 
successfully restored to 87 and 92 % as shown by Figure 6.2. This 
increase in permeate flux recovery indicates the dependence of 
the osmotic backwash process on permeation rates, this effect is 
well investigated in the next section where known draw solution 
concentrations were used to induce different permeation rates. It 
can also be mentioned that the results provide proof that the 
permeation drag has an influence on the resulting fouling layer 
and it further suggests that to minimise the degree of irreversible 
Chapter 6: Evaluation of osmotic backwashing of fouled forward osmosis 
membranes: Cleaning mechanisms and efficiency  
 
202 
 
fouling the forward osmosis system has to be operated within a 
range of membrane fluxes. 
Worth mentioning is that regardless of the initial permeate flux 
during the fouling runs, the final flux decline was almost similar 
for all tested draw solution concentrations (1.5, 2.5 and 3.5 M). 
The explanation for this could be that the initial attachment of 
alginate onto the membrane surface is controlled by interactions 
between alginate particles and the clean membrane surface as 
previously reported by Mi and Elimelech, (2008). In as much as 
the permeation drag forces were different for the three draw 
solutions; once the membrane was covered by the initial layer of 
alginate, subsequent alginate deposition was controlled by the 
previously deposited layer and subsequent on-coming particles. 
Since the same feed composition was used for all fouling runs, 
long term fouling rate which is determined by on coming foulant-
deposited-foulant interaction will be similar for all the 
experiments. This is supported by the fact that the cohesion 
energy between the alginate aggregates in the feed solutions is 
the same.  
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Figure 6.2: Flux recovery graphs due to osmotic backwash using 
residual feed solutions resulting from fouling using draw solutions 
of 1.5, 2.5 and 3.5M NaCl. These graphs are representative of 3 
backwash cycles. 
6.3.3 Effect of osmotic drive force on cleaning of fouled FO 
membrane 
In studying the effect of osmotic driving force (permeation rate) 
on cleaning of fouled forward osmosis membrane, different 
membrane samples were fouled were cleaned using “backwash 
draw solutions” of varying concentrations: 1.0, 1.5 and 2.5 M 
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NaCl. Fouling tests were conducted using 3.5 M draw solution that 
resulted in the least degree of cleaning efficiency in the previous 
section. And in these experimental tests the residual feed solution 
was replaced with the backwash draw solutions, while the 
previous “fouling draw solution” was replaced with ultrapure 
water.  
The results revealed some correlation between the increases in 
backwash draw DS concentration and permeate recovery. 
Cleaning efficiency increased from 81 to 98% when backwash 
draw solution concentration was increased from 1 M to 1.5 M 
(Figure 6.3(a)). This observation implies that the induced water 
permeation enhanced the weakening of the structure of the 
fouling layer leading to its removal from the membrane surface. 
This was supported by the average backwash permeate fluxes in 
Figure 6.3(b). There was a significant distinction between the 
backwash fluxes of 1.0 and 1.5 M draw solutions and the latter 
had higher fluxes which correspond to higher permeation rate. 
Increasing the backwash draw solution beyond 1.5 to 2.5 M did 
not positively influence cleaning efficiency rather a slight decrease 
to 94% was recorded. The backwash permeate fluxes due to 2.5 M 
did not improve but were very similar to that recorded when 
using 1.5 M (Figure 6.3(b)). The decrease in cleaning efficiency 
when the draw solution was increased from 1.5 to 2.5 M reveals 
the chemical aspect of the osmotic backwash process. During the 
osmotic backwash process using NaCl salt leads to the convective 
Chapter 6: Evaluation of osmotic backwashing of fouled forward osmosis 
membranes: Cleaning mechanisms and efficiency  
 
205 
 
transport of salt ions into the fouling layers resulting in more 
favourable conditions for the weakening the structural stability of 
the fouling layer mainly through Na+ - Ca2+ ion exchange (Ang et 
al., 2006).  
However, when the Na+ ions are present in abundance in the draw 
solution turn to impede the complete restoration of membrane 
surface charge and gives rise to dilutive internal concentration 
polarization, especially in this case where the membranes were 
used with the support layer facing the foulant solution. These 
observations led us to propose possible mechanisms that are 
involved during osmotic backwash of forward osmosis 
membranes; these are discussed in detail in Section 5.34.  
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Figure 6.3: a) Flux recovery graphs due to osmotic backwash using 
fixed draw solution concentrations (1.0, 1.5 and 2.5 M NaCl); and 
b) average backwash permeate fluxes induced by varying draw 
solutions concentrations during osmotic backwashing. A statistical 
test – test was performed for this data in part a) at 95%, n= 4, Z 
critical was 1.96. 
6.3.4 Effect of shear rate during osmotic backwash cleaning 
It can be expected that removal of the fouling gel layer from the 
membrane surface after being weakened by reverse permeation 
during backwashing, will occur more efficiently if a higher 
tangential shear force generated by the cross-flow velocity 
sweeping across the membrane surface is used. Therefore, the 
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extent of the influence of this parameter during osmotic 
backwashing was investigated by setting the cross-flow rate of the 
“backwash draw solution” to three fixed values: 4.0, 7.0 and 10.0 
cm·s-1. The backwash draw solution was fixed at 1.5 M which gave 
the best cleaning efficiency in previous experiments. The graphs 
displayed in Figure 6.4 confirms that an increase in cross-flow 
velocity on the fouling layer’s sideimproved membrane cleaning. 
Membrane permeate flux was restored to 96% from 84% when 
the cross-flow velocity was increased from 4.0 to 7.0 cm s-1. 
Similar permeate flux recovery (95%) was achievedwhen the 
cross-flow velocuty was further increased to 10. 0 cm s-1. There 
were no real improvements at higher cross-flow velocities. 
However, as stated above, the cleaning cross-flow velocities were 
rather limited and maybe not generating enough shear force to 
remove all alginate gel layer particles on the membrane support 
layer as well as depleting the ICP profile formed during fouling. 
Very high cross-flow velocities could have given more information. 
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Figure 6.4: Flux recovery graphs due to osmotic backwash using 
various feed solution cross-flow velocities (4.0, 7.0 and 10.0cm·s-
1). A statistical test – test was performed for this data at 95%, n= 
4, Z critical was 1.96. 
6.3.5 Influence of cleaning solution composition  
To demonstrate the effect, we cleaned the fouled membrane by 
flushing with salt solutions of NaCl and CaCl2 at total ionic strength 
of 0.5 M (without alginate) on both sides of the membrane. This 
cleaning solution recorded a cleaning efficiency 10% lower than 
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that of ultrapure water other conditions (Figure 6.5). This 
indicates that the main form of cleaning was due to shear force 
rate generated by the bulk solution cross-flow velocity. It also 
suggests that the ultrapure water had an effect on the hydrolysis 
of the alginate-calcium complexes and also on depleting the 
concentration polarization profile. These results further suggest 
that the major cleaning mechanism under our performed test 
conditions was physical removal of the fouling layer. 
 
Figure 6.5: Membrane cleaning efficiencies due to different wash 
liquid composition. A statistical test – test was performed for this 
data at 95%, n= 4, Z critical was 1.96. 
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6.3.6 Cleaning mechanisms of the osmotic backwash process 
The experiments performed in this study showed that membrane 
fouling in the FO process is almost completely reversible through 
backwashing with water. The revealed that the fouling layer 
removal was a function of backwash permeation rate and shear 
induced “erosion”. Once membrane filtration ceases, the 
membrane is not only covered by the fouling layer but also by a 
high concentration of salt/solute due to concentration 
polarization, salt leakage from the draw, and hindered back-
diffusion. Therefore, when the draw solution was replaced with 
ultrapure water, water naturally moved towards the membrane 
surface and further permeated towards the fouling layer due to 
the high saline solution on the feed side (Lee and Elimelech, 2007; 
Yip and Elimelech, 2013).  
The steps involved in the cleaning process are further illustrated in 
Figure 6.6. The gel layer attracts water prompted by the osmotic 
gradient; it then expands in thickness weakening its attachment 
onto the membrane surface (Figure 6.6b). The weakened layer is 
then lifted off the membrane surface by the tangential shear force 
induced by the cross-flow velocity of the draw solution (Figure 
6.6c). Continuous permeation further dilutes the salt 
concentration within and on the membrane boundary layer (ICP 
profile) which lowers the osmotic pressure at the membrane 
surface and subsequently restores the membrane surface charge. 
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Figure 6.7 shows the flux recovery pattern of a fouled membrane 
after being physically cleaned with ultrapure water at high cross-
flow velocity. In this case, both the feed and draw solutions were 
replaced with ultrapure water such that there was no 
backwashing. It can be observed that only 80% of the membrane 
flux was regained. This observation provides further evidence that 
permeation plays a primary role during fouling layer removal 
using the osmotic backwashing process and that high cross-flow 
velocity alone is not sufficient for gel layer detachment.  
Therefore, it can be concluded that membrane cleaning (fouling 
detachment) was achieved by a combined effect of lifting the 
fouling layer from the membrane surface due to backwash 
permeation and shear-induced erosioncaused by the cross-flow 
velocity of the bulk solution. 
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*SL-Support Layer, *AL-Active Layer, and *FL-Fouling Layer 
Figure 6.6: Physical membrane cleaning mechanisms: a) during 
fouling in PRO mode foulants accumulate in the porous support 
layer; b) during OsBW reverse permeation of backwash water 
results in gel layer expansion and detachment from the 
membrane surface; and c) the weakened gel layer is then 
flushed/lifted off the membrane surface by the tangential shear 
force generated by the bulk solution cross-flow velocity, HCV 
stands for high cross-flow velocity. 
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Figure 6.7: Membrane flux patterns at initial use and after 
cleaning with ultrapure water at high cross-flow velocity (10 cm·s-
1).There was no permeation during the osmotic backwashing 
process. 
6.3.7 Evaluation of the cleaning performance of osmotic 
backwashing 
Normally, the effectiveness of a cleaning process is monitored by 
measuring the permeate water flux after cleaning, under the same 
conditions as the previous filtration experiment (Ang et al., 2006; 
Lee and Elimelech, 2007; Yip and Elimelech, 2007). However, this 
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is not a reliable measure because a good initial permeate flux 
does not guarantee a good operational flux. In previous attempts 
of membrane cleaning using the osmotic backwash process, it was 
revealed that at times, even if the permeate flux can be fully 
restored, it cannot be maintained for as long as when the 
membrane was initially used (Cornelissen et al., 2008). Therefore, 
in this section we evaluate the capacity of osmotic backwash in 
restoring good operational flux. The membrane was fouled and 
cleaned repeatedly over three cycles. We therefore compared the 
initial permeate flux decline rates after cleaning cycles to those 
when the membrane was initially used and the obtained rates are 
listed in Table 6.1. During cleaning all the influential factors were 
set at their optimal values (that is, we used the conditions that 
gave the maximum cleaning efficiency; 1.5 M backwash DS on the 
fouled membrane side, 7.0 cm s-1 cross-flow velocity). The 
resulting flux decline trends after cleaning are displayed in Figure 
6.8. 
According to the values presented in Table 6.1 the initial 
permeate flux decline rate increased with the number of 
backwashing cycles; from 0.0238 to 0.055 h-1by the end of the 2nd 
cycle. However, it became lower again after the 3rd backwash 
cycle. The total volume of accumulated permeate over the 
backwash cycles suggests that the membrane had a similar 
performance even after three backwash cycles. The total amounts 
of 2841 mL and 2863 mL were collected as permeate volumes 
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after 24 h of filtration and were close to the 2882 mL collected 
when the membrane was used for the first time After the 3rd 
cleaning cycle the permeate volume declined by only 4.82% when 
compared to that of the initial experiment. Therefore, it can be 
concluded that osmotic backwash was successful in restoring 
membrane permeate flux as well as maintaining operational flux. 
 
Figure 6.8: Membrane flux patterns at initial use and after 3 
cleaning cycles using osmotic backwash (1.5 M draw solution and 
ultrapure water). 
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Table 6.1: Average fouling rates and corresponding accumulated 
permeate volumes for three osmotic backwash cycles. 
Backwash 
cycles 
Initial fouling rate 
(h-1)  
Total permeate volume 
(mL) 
Initial fouling 
run  
0.0243 2 882 
1st 0.0249 2 841 
2nd 0.0258 2 863 
3rd 0.0250 2 743 
 
6.4 Conclusions 
Three major experimental tasks were performed to determine the 
efficiency of a simple osmotic backwash process in cleaning FO 
membranes fouled with alginate at seawater level ionic strength. 
The findings made from this revealed that foulant deposition was 
hugely influenced by permeation drag forces which subsequently 
influenced the structure of the resulting gel layer. It was also 
found that osmotic backwash was able to restore membrane flux 
to above 80% regardless of the initial permeate flux. Fouling layer 
(gel layer) removal was found to be a function of both permeation 
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rate and shear forces induced by the cross-flow velocity sweeping 
across the membrane surface. An increase in both backwash draw 
solution concentration and cross-flow velocity resulted in 
enhanced cleaning efficiencies.  
When NaCl was used as a backwash draw solution, it favoured 
ionic exchange between the bulk Na+ and Ca2+ in the gel layer thus 
destabilising its structural integrity resulting in its subsequent 
removal from the membrane surface. The osmotic backwash 
process was found to be effective not only in restoring the 
permeate flux of fouled FO membranes, but in maintaining 
operational flux as well. The results revealed that the high 
permeate rate responsible for faster membrane fouling (increased 
foulant deposition rate) was also a requirement for the effective 
fouling layer removal during osmotic backwash. Therefore, this 
implies that the ideal operational conditions for a long FO run 
include moderate permeate rate with high feed cross-flow 
velocity. 
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CHAPTER 7: 
CONCLUSIONS AND RECOMMENDATIONS 
 
7.1 General conclusions 
This study sought to establish systematic understanding into 
forward osmosis membrane fouling using feed solutions 
mimicking seawater and wastewater. During these investigations 
both feed solution and membrane properties were studied to 
identify their contribution to foulant deposition. Foulant 
deposition had been in membrane fouling had been previously 
attributed to the act of drag force, feed composition and non-
electrostatic interactions.  
In this work it was also established that feed composition had an 
effect on membrane fouling. The feed solutions containing organic 
foulant resulted in more fore in the presence of divalent cations, 
mainly Ca2+. The fouling potential of foulants was realized at ionic 
strength and elevated Ca2+ concentrations. Alginate 
macromolecules complexed with Calcium ions resulting in a gel 
layer which in turn couples with the severe internal concentration 
polarization and hindered back diffusion of solutes to case severe 
permeate flux loss. At seawater level ionic strength both foulant-
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membrane and foulant-foulant electrostatic interactions are 
greatly suppressed due electric double layer compression. The 
debye screening length decreases as the solution ionic strength 
concentrations increases, and electric double layer force 
decreases. Thus the severe fouling under high ionic strength can 
be partly attributed to the severe reduced electrostatic repulsion 
between the foulants and the membrane as well as that between 
the on-coming foulant particle and the already deposited cake 
layer (Chapter 3). However, due to the lack of cake layer 
compaction in forward osmosis processes the deposited fouling 
layer can be substantially removed through shear for force 
generated from high cross-flow velocity or induced reverse 
permeation through osmotic backwashing.  
At low ionic strengths feed water types such as wastewater, 
membrane and foulant surface properties become important in 
describing fouling. It has been observed from this work that humic 
acid deposition was limited due electrostatic repulsions between 
the negatively charged thin film composite membrane and 
negatively charge alginate macromolecules. However, the 
adsorption of bovine serum albumin molecules seemed to be 
favored by the rough surface of the polyamide thin film composite 
membrane (Chapter 5). It was also shown that foulant type has an 
influence on the extent of fouling, colloidal silica caused moderate 
flux loss at high ionic strength and no significant flux loss in the 
absence of cations. This is because it lacks the reactive functional 
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groups present in organic foulant that lead to specific interactions 
with membrane surface functionalities, specific ions or other 
foulants.  
According to the results of this work, when foulants co-exist in a 
feed solution, one foulant was found to dominate the fouling 
process. Alginate was found have a dominant effect over silica 
colloids when mimicking seawater desalination, such that the 
resulting cake layer had hydraulic properties similar to that of 
alginate alone, an observation that was attributed to the average 
sizes of the two foulants in solution. The measured average 
alginate aggregate size was more than three times that of the 
silica colloids and the assumption was that it got deposited easy 
(initiating fouling) (Chapter 4). However, when it was mixed with 
bovine serum albumin, synergistic effects were observed though it 
was thought that the bovine serum albumin molecules initiated 
fouling.  
The membrane surface properties of the cellulose triacetate 
membrane had a huge role in the eventual loss of permeate flux. 
The smooth dense active layer was more resilient to foulant 
deposition even at high ionic strength when compared to the 
support layer facing feed solution configuration and fluxes were 
maintained over longer periods with slow decrease (Chapter 3). 
Thus an ideal membrane could be one with high water 
permeability and resistant to settling of foulants (though there 
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actually more factors to consider such as the chemical 
composition and thickness of the support layer). The thin film 
composite “generation” has been able to curb the issue of low 
water permeability of “traditional” commercial forward osmosis 
membranes such as cellulose triacetate. However, the 
mesoporous layer give rise to severe internal concentration 
polarization due to reduced mass transfer. And this indicates that 
the properties of the active layer are as important as those of the 
support layer, a point that was demonstrated by the porifera 
membranes. They showed a good overall performance when 
tested in the conditions of this work; recording high water 
permeability and had the lowest structural parameter.  
Permate drag brings the foulant near the membrane surface, but 
the eventual foulant attachment is determined by the membrane-
foulant interactions at contact. The virtual suppression of long-
range electrostatic interactions at high ionic strength (seawater 
levels), suggests that interaction at the point of contact between 
carboxylic acid rich compounds and polymeric membranes can be 
best explained by van der Waals and acid-base interactions. The 
contact angle measurements were conducted and used to derive 
the apolar Liftshitz-van der Waals and polar acid-base interaction 
energies of foulants and the membrane surface. The membrane-
foulant interaction forces that lead to eventual foulant deposition 
at high ionic strength were correctly predicted giving valuable 
information of membrane fouling behaviour (Chapter 3 & 4).  
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Furthermore, the lack of cake layer compaction in forward 
osmosis processes resulted in a loose thick fouling layer that was 
almost completely removed with a simple online osmotic 
backwash process. Membrane cleaning was found to be a function 
of permeation rate and shear force created by the cross-flow of 
the bulk solution. This method showed a great potential in 
restoring membrane permeate flux and upon full optimization 
total membrane cleaning can be achieved (Chapter 6). The 
forward osmosis process presents an opportunity for integration 
to current mainstream treatment techniques, such as the recently 
researched forward-osmosis-reverse osmosis hybrid. In this work 
(though the fouling conditions were different from real world 
applications) the active layer facing feed solution configuration 
showed resilience to words fouling and the permeate flux was 
stable over time with slow decline. 
7.2 Recommendations 
This research work have proposed fundamental mechanisms at 
which fouling has been found to occur in forwards osmosis when 
simulating seawater desalination and wastewater reclamation. It 
could be interesting to complement these findings with in-depth 
investigation of the influence of reverse salt diffusion and internal 
concentration polarization since they remain important processes 
in forward osmosis processes. This could help determine and 
quantify the fouling layer contribution to permeate flux loss 
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particularly during seawater desalination. The newer generation 
thin film membranes have shown exciting performance at low 
ionic strengths feed streams. Therefore, it could also be 
interesting to determine their fouling behavior during seawater 
desalination at sufficiently high cross-flow velocities and permeate 
flux.  
More information about fouling mechanisms during wastewater 
reclamation can be obtained by performing advanced membrane 
autopsy such as Fourier transmission infrared spectroscopy (FTIR) 
imaging, which can give insight onto the fouling sequence and 
cake layer structure. As well as conducting atomic force 
microscopy to determine foulant-membrane attachment 
interactions. In this study the possible causes of membrane 
fouling were studied and identified, it could be interesting to 
prepare membranes with anti-fouling modifications. Also there 
have been arise in research studies that have focuses into the 
incorporation of nano-materials such as nanotubes, cyclodextrins 
and titanium dioxide into membrane surfaces to enhance 
performance and improve anti-fouling properties (Klaysom et al., 
2013). There is also interesting research on hollow fibre 
membranes (Chou et al, 2012). It would be of great interest to 
pursue full characterization and application of such membranes to 
identify a suitable modification for seawater desalination as well 
as wastewater reclamation.   
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The proposed membrane cleaning procedure can be optimized in 
conditions analogous to real world situations. Such as determining 
its efficiency over a long term fouling and cleaning cycles. A 
multidiscipline approach is required to fully understand fouling in 
forward osmosis process, a combination of experimental and 
modeling techniques can play a key role in getting close to solving 
this problem. 
 
 290 
 
References  
Abdelrasoul, J., Doan, H., Lohi, A. (2013). Fouling in 
membrane filtration and remediation methods, Chapter 8, 
in:Hironoti Nakajima(Ed.) Mass transfer – Advances in 
suitable energy and environment oriented numerical 
modelling, ISBN: 978-953-51-1170-2, InTech, DOI: 
10.5772/52370, pp 206-214. 
Achilli, A., Cath, T.Y., Marchand, E.A., Childress, A.E. (2009). 
The forward osmosis membrane bioreactor: A low fouling 
alternative to MBR processes. Desalination, (239) 10-21. 
Akhondi, E., Wicaksana, F., Fane, G.A. (2014). Evaluation of 
fouling deposition, fouling reversibility and energy 
consumption of submerged hollow fiber membrane systems 
with periodic backwash, J. Membr. Sci. (252) 319-331. 
Alsvik, I.L., Hägg, M.-B. (2013). Preparation of thin film 
composite membranes with polyamide film on hydrophilic 
supports, J. Membr. Sci. 428 225-231. 
Alsvik, I.L., Hagg, M-B. (2013). Pressure retarded osmosis and 
forward osmosis membranes: Materials and methods, 
Polymers, (5) 303-327. 
 227 
 
Altaee, A. (2012). Forward osmosis: Potential use in 
desalination and water reuse, Membr. Sep. Purif. Technol. (1) 
79-93. 
Alzahrani, J., Mohammad, A.W., Hilal, N., Abdulallah, P., 
Jaafar, O. (2013). Identification of foulants, fouling 
mechanisms and cleaning efficiency for NF and RO treatment 
of produced water, Sep. Purif. Technol. (118) 324-341. 
Amy, G. (2008). Fundamental understanding of organic 
matter fouling of membranes, Desalination 231(1-3) 44-51. 
Ang, S.W., Elimelech, M. (2007). Proteins (BSA) fouling of 
reverse osmosis membranes: Implications for wastewater 
reclamation, J. Membr. Sci. (296) 83-92. 
Ang, S.W., Lee, S., Elimelech, M. (2006). Chemical and 
physical aspects of cleaning of organic-fouled reverse 
osmosis membranes, J. Membr. Sci. (272) 198-210. 
Ang, W.S., Elimelech, M. (2008). Fatty acid fouling of reserve 
osmosis membranes: Implications for wastewater 
reclamation, Water Res. (42) 4393-4403. 
Ang, W.S., Lee, S., Elimelech, M. (2006). Chemical and 
physical aspects of organic-fouled reverse osmosis 
membranes, J. Membr. Sci. (272) 198-210. 
 228 
 
Ang, W.S., Tiraferri, A., Chen, K.L., Elimelech, M. (2011). 
Fouling and cleaning of RO membranes by mixtures of 
organics foulants simulating wastewater effluent, J. Membr. 
Sci. (376) 196-206. 
Arkhangelsky, E., Wicaksana, F., Tang, C., Al-Rabiah, A.A., Al-
Zahrani, M.S. Wang, R. (2014). Impact of intrinsic properties 
of foulants on membrane performance in osmotic 
desalination applications, Sep. Purif. Technol. (123) 87-95.  
Arkhangelsky, E., Wicaksana, F., Tang, C., Al-Rabiah, A.A., Al-
Zahrani, M.S., Wang, R. (2012). Combined organic-inorganic 
fouling of forward osmosis hollow fibre membranes, Water 
Res. (46) 6329-6338. 
Aydiner, C., Topcu, S., Tortop, C., Kuvvet, F., Ekinci, D., Dizge, 
N., Keskinler, B. (2012). Interrelated analysis of performance 
and fouling behaviours in forward osmosis by ex-situ 
membrane characterization, Chapter 13, in:Scanning Electron 
Microscopy, InTech, Turkey,pp 618-633. 
Bacchin, P., Aimar P., Field, R.W. (2006). Critical and 
sustainable fluxes: Theory, experiments and applications, J. 
Membr. Sci. 281(1-2) 42-69. 
 229 
 
Bacchin, P., Si-Hassen, D., Starov, V., Clifton, M.J., Aimar, P. 
(2002). A unifying model concentration polarization, gel-layer 
formation and particle deposition in cross-flow membrane 
filtration of colloidal suspensions, Chem. Eng. Sci. (57) 77-91. 
Baker, R.W., (2004). Reverse osmosis,in Membrane 
technology and applications: Chapter 5, pg: 191-221, 2nd 
Edition, John Wiley and Sons Ltd, Chichester, England. 
Bamaga, O.A., Yokochi, A., Zabara, B., Babaqi, A.S. (2011). 
Hybrid FO/RO desalination system: Preliminary assessment of 
osmotic energy recovery and designs of new FO membrane 
module configuration, Desalination (268) 163-169. 
Beaudry, E.G., Herron, J.R., Peterson, S.W. (1999). Direct 
osmosis concentration of waste water: Final report, Osmotek 
Inc., Corvallis, OR. 
Beaudry, E.G., Lampi, K.A. (1990). Membrane technology for 
direct osmosis concentration of fruit juices, Food Technol. 
(44) 121. 
Belfort, G., Davis, R.H., Zydney, A.L. (1994). The behaviour of 
suspensions and macromolecules in cross-flow 
microfiltration, J. Membr. Sci. (96) 79-89. 
 230 
 
Bhattacharjee, S., Sharma, A., Bhattacharya, P.K. (1994). 
Surface interactions in osmotic-pressure controlled flux 
decline during ultrafiltration, Langmuir 10(12) 4710-4720. 
Blandin, G., Verliefde, A.R.D., Tang, C.Y., Childress, A.E., Le-
Clech, P. (2013). Validation of assisted forward osmosis (AFO) 
process: Impact of hydraulic pressure, J. Membr. Sci. (447) 1-
11. 
Boo, C., Elimelech, M., Hong, S. (2013). Fouling control in a 
forward osmosis process integrating seawater desalination 
and wastewater reclamation, J. Membr. Sci. (444) 148-156. 
Boo, C., Lee, S., Elimelech, M., Meng, Z., Hong, S. (2012). 
Colloidal fouling in forward osmosis: Role of reserve salt 
diffusion, J. Membr. Sci. (390-391) 277-284. 
Botton, S., Verliefde, A.R.D., Quach, N.T., Cornelissen, E.R. 
(2012). Influence of biofouling on pharmaceuticals rejection 
in NF membrane filtration Water. Res. (46) 5848-5860. 
Bouchard, C.R., Jolicoeur, J., Kouadio, P., Britten, M. (1997). 
Study of humic acid adsorption on nanofiltration membranes 
by contact angle measurements J. Membr. Sci. 97 (283). 
Boussu, K., Belpaire, A., Volodin, A., Hesendonck, C., van der 
Meeren, P., Vandecasteele, C. (2007). Influence of membrane 
 231 
 
colloid characteristics on fouling of nanofilteration 
membranes, J. Membr. Sci. (289) 220-230. 
Bowden, K.S., Achilli, A., Childress, A.E. (2012). Organic ionic 
salt draw solutions for osmotic membrane bioreactors 
Bioresource Technol. (122) 207-216.   
Bowen, R.W., Doneva, T.A. (2007). Atomic force microscopy 
studies of membranes: effect of surface roughness on 
double-layer interactions and particle adhesion, J. Colloid 
Interface Sci. (289) 220-230. 
Braghetta, B., F.A. DiGiano, F.A., W.P. Ball, W.P. (1988). NOM 
accumulation at NF membrane surface: impact of chemistry 
and shear, J. Environ. Eng. (124) 1087. 
Brant, J.A., Childress, A.E. (2002). Assessing short-range 
membrane-colloid interactions using surface energetics, J. 
Membr. Sci. 203 (1-2) (2002) 257-273. 
Bruchet, M., Mendelson, L.N., Melman, A. (2013). 
Photochemical patterning of ionically cross-linked hydrogels, 
Processes. (1) 153-166. 
Brunt, J.A., Childress, A.E. (2004). Colloidal adhesion to 
hydrophilic membranes surfaces, J. Membr. Sci. (241) 235-
248. 
 232 
 
Canas, T., Ariza, M.J., Benavente, J. (2001). Characterization 
of active and porous sub layers of a composite reverse 
osmosis membrane by impedance spectroscopy, streaming 
and membrane potentials, salt diffusion and x-ray 
photoelectron spectroscopy measurements, J. Membr. Sci. 
(183) 135-146. 
Cartinella, J.L., Cath, T.Y., Flynn, M.T., Miller, G.C., Hunter, 
K.W., Childress, A.E. (2006). Removal of natural steroid 
hormones from wastewater using membrane contactor 
processes, Environ. Sci. Technol. 40 (23) 7381–7386.  
Cath, T.Y. (2010). Osmotically and thermally driven 
membrane processes for enhancement of water recovery in 
desalination processes, Desalination Water. Treat. (15) 279-
286. 
Cath, T.Y., Childress, A.E., Elimelech, M. (2006). Forward 
osmosis: principles, applications and recent developments, J. 
Membr. Sci. (281) 70–87. 
Cath, T.Y., Childress, A.E., Elimelech, M. (2006). Forward 
osmosis: Principles, applications and recent developments, J. 
Membr. Sci. 281 (2006) 70-87. 
 233 
 
Cath, T.Y., Gormly, S., Beaudry, E.G., Adams, V.D., Childress, 
A.E. (2005). Membrane contactor processes for wastewater 
reclamation in space. I. Direct osmotic concentration as 
pretreatment for reverse osmosis, J. Membr. Sci. (257) 85–
98. 
Cath, T.Y., Gormly, S., Beaudry, E.G., Flynn, M.T., Adams, V.D., 
Childress, A.E. (2005). Membranes contactor process for 
wastewater reclamation in space: Part I. Direct osmotic 
concentration as pre-treatment for reverse osmosis, J. 
Membr. Sci. (257) 85-98. 
Chen, L., Tian, Y., Cao, C.-Q., Zhang, J., Li, Z.-N. (2012). 
Interactions energy evaluation of soluble microbial products 
(SMP) on different membrane surfaces: Role of the 
reconstructed membrane topology, Water Res. (46) 2693-
2704. 
Chen, S.C., Su, J., Chung, F.-J. (2013). Gypsum (CaSO4.2H2O) 
scaling on polybenzimidazole and cellulose acetate hollow 
fiber membrane under forward osmosis, Membranes (3) 354-
374. 
Chilli, T.Y. Cath, Childress, A.E. (2010). Selection of inorganic 
based draw solutions for forward osmosis applications, J. 
Membr. Sci. (364) 233-241.  
 234 
 
Chiu, T.Y., James, A.E. (2007). Electrokinetic characterisation 
techniques on asymmetric microfiltration membranes, 
Colloids and Surfaces A: Physicochem. Eng. Aspects (301) 
281-288. 
Chong, T.H., Wang, F.S., Fane, A.G. (2008). Implications of 
critical flux and cake layer enhanced osmotic pressure (CEOP) 
on colloidal fouling in reverse osmosis: Experimental 
observation, J. Membr. Sci. (314) 101-111. 
Chou, S., Wang, R., Shi, L., She, Q., Tang, C., Fane, A.G. (2012). 
Thin-film composite hollow fiber membranes for pressure 
retarded osmosis (PRO) process with high power density, J. 
Membr. Sci. (389) 25-33. 
Chung, T.-S., Li, X., Ong, R.C., Ge, Q., Wang, H., Han, G. 
(2012). Emerging forward osmosis (FO) technologies and 
challenges ahead for clean water and clean energy 
applications, J. Chem. Eng. (1) 246-257. 
Chung, T.-S., Li, X., Ong, R.C., Ge, Q., Wang, H.L., Han, G. 
(2012). Emerging forward osmosis (FO) technologies and 
challenges ahead for clean water and energy applications, 
Curr. Opinion Chem. Eng. (1) 246-257. 
 235 
 
Chung, T.-S., Zhang, S., Wang. K.Y., Su, J.C., Ling, M.M. (2012). 
Forward osmosis processes: yesterday, today and tomorrow, 
Desalination (278) 78-81. 
Chuyang, T.Y., Kwon, Y., Leckie, J.O. (2009). The role of 
foulant-foulant electrostatic interaction on limiting flux for 
RO and NF membranes during humic acid fouling – 
Theoretical basis experimental evidence, and AFM 
interaction force measurements, J. Membr. Sci. (326) 526-
532. 
Coday, B.D., Almaraz, N., Cath, T.Y. (2015). Forward osmosis 
desalination of oil and gas wastewater: Impacts of membrane 
selection and operating conditions on process performance, 
J. Membr. Sci. (488) 40-55.  
Contreras, A.E., Kim, A., Li, Q. (2009). Combined fouling of 
nanofiltration membranes: mechanisms and effect of organic 
matter, J. Membr. Sci. (327) 87-95. 
Contreras, E.A., Steiner, Z., Miao, J., Kasher, R., Li, Q. (2011). 
Studying the role of common membrane surface 
functionalities on adsorption and cleaning of organic foulants 
using QCM-D, Environ. Sci. Technol. (45) 6309-6315. 
 236 
 
Corbaton-Baguena, M., Alvarez-Blanco, S., Vincent-Vela, M. 
(2014). Cleaning of ultrafiltration membranes fouled with BSA 
by means of saline solutions, Sep. Pur. Technol. (125) 1-10. 
Cornelissen, E.R., Harmsen, D., de Korte, K.F., Ruiken, C.J., 
Qin, J., Oo, H., Wessels, L.P. (2008). Membrane fouling 
process performance of Forward osmosis membranes on 
activated sludge, J. Membr. Sci. (319) 158-16. 
Cornelissen, E.R., van den Boomgaard, T., Strathmann, H. 
(1998). Physicochemical aspects of polymer selection for 
ultrafiltration and microfiltration membranes, Colloids and 
Surfaces A: Physicochem. Eng. Aspects 138 (2-3) 283-289. 
de Koning, J., Bixio, D., Karabelas, A., Salgot, M., Schäfer, A. 
(2008). Characterisation and assessment of water treatment 
technologies for reuse, Desalination (218) 92–104. 
Decarolis, J., Hong, S., Taylor, J. (2001). Fouling behaviour of a 
pilot scale inside-out hollow fibre UF membrane during dead-
end filtration of tertiary wastewater, J. Membr. Sci. (191) 
165-178. 
Deshmukh, S.S., Childress, A.E. (2001). Zeta potential of 
commercial RO membranes: Influence of source water type 
and chemistry, Desalination (140) 87-95. 
 237 
 
Dova, M.I., Petrotos, K.B., Lazarides, H.N. (2007). On the 
direct osmotic concentration of liquid foods. Part II. 
Development of a generalized model, J. Food Eng. (78) 431-
437. 
Dova, M.I., Petrotos, K.B., Lazarides, H.N. (2007). On the 
direct osmotic concentration of liquid foods. Part I. Impact of 
process parameters on process performance, J. Food Eng. 
(78) 422-430. 
Draget, I.K., Smidsrod, O., Skjak-Braek, G. (2005). 
Polysaccharides and Polyamides in the Food Industry, 
Properties, Production and Patents: Alginates from Algae, 
Wiley-UCH, Verlag GmbH and Co KGaA, Weinheim, pp.11-19. 
Elimelech, M., Chen, W.H., Waypa, J.J. (1994). Measuring the 
zeta (electrokinetic) potential of reverse osmosis membranes 
by a streaming potential analyzer, Desalination (95) 269-286. 
Elimelech, M., Phillip, W.A. (2011). The future of seawater 
desalination: energy, technology, and the environment: 
Review, Science (333) 712-717. 
Elimelech, M., Zhu, X.H., Childress, A.E., Hong, S.K. (1997). 
Role of membrane surface morphology in colloidal fouling of 
 238 
 
cellulose acetate and composite aromatic polyamide reverse 
osmosis membranes, J. Membr. Sci. (127) 101. 
Emadzadeh, D., Lau, W.J., Matsuura, T., Rahbari-Sisakht, M., 
Ismail, A.F. (2014). A novel thin film composite forward 
osmosis membrane prepared from PSf–TiO2 nanocomposite 
substrate for water desalination, J. Chem. Eng. (237) 70-80. 
Fritzmann, C., Löwenberg, J., Wintgens, T., Melin, T. (2007). 
State-of-the-art of reverse osmosis desalination, Desalination 
216 (1-3) 1-76. 
Garcia-Castello, E.M., McCutcheon, J.R., Elimelech, M. (2009). 
Performance evaluation of sucrose concentration using 
forward osmosis, J. Membr. Sci. (278) 61-66. 
Ge, Q., Ling, M., Chung, T.-S. (2013). Draw solutions for 
forward osmosis processes: Developments, challenges, and 
prospects for the future, J. Membr. Sci. (442) 225-237. 
Ge, Q., Su, J., Chung, T.-S., Amy, G. (2011). Hydrophilic 
supermagnetic nanoparticles: synthesis, characterization and 
performance in forward osmisis processes, Ind. Eng. Chem. 
Res. (50) 382-388. 
 239 
 
Ge, Q.C., Su, J.C., Amy, G.L., Chung, T.-S. (2012). Exploration 
of polyelectrolytes as draw solutes in forward osmosis 
processes, Water Res. 46(4) 1318-1326. 
Gerstandt, K., Peinemann, K.-V., Skilhagen, S.E., Thorsen, T., 
Holt, T. (2008). Membrane processes in energy supply for an 
osmotic power plant, Desalination, 224(1-3) 64–70. 
Gkotsis, P.K., Banti, D.Ch., Pelleka, E.N., Zouboulis, A.I., 
Samaras, P.E. Review: Fouling issues in membrane 
bioreactors (MBRs) for wastewater treatment: Major 
mechanisms, prevention and control strategies, Processes 
2(4) (2014) 795-866. 
Gourey, L., Britten, M., Gauthier, S.F., Pouliot, Y. (1994). 
Characterization of adsorptive fouling on ultrafiltration 
membranes by peptides mixtures using contact angle 
measurements, Can. J. Chem. Eng. (75) 339. 
Gray, G.T., McCutcheon, J.R., Elimelech, M. (2006). Internal 
concentration polarization in forward osmosis: role of 
membrane orientation, Desalination 197 (1-3) 1–8.  
Gruber, M.F., Johnson, C.J., Tang, C.Y., Jensen, M.H., Yde, L., 
Helix-Nielsen, C. (2011). Computational fluid dynamics 
 240 
 
simulations of flow and concentration polarization in forward 
osmosis membrane systems, J. Membr. Sci. (379) 488-495. 
Gumi, T., Valiente, M., Khulbe, K.C., Palet, C., Matsuura, T. 
(2003). Characterization of activated composite membranes 
by solute transport, contact angle measurements, AFM and 
ESR, J. Membr. Sci. (212) 123-134. 
Guo, W., Ngo, H.-H., Li, J. (2012). A mini-review on membrane 
fouling, Biores. Technol. (122) 27-34 
Hamsiluwat, T., Pongswatmanit, R., McClements, D.J. (2006). 
Characterization of β-lactoglobulin-sodium alginate 
interactions in aqueous solutions: A calorimetry, light 
scattering, electrophoretic mobility and solubility study, Food 
Hydrocolloids 20 (5) 577-585. 
Han, J., Cho, H.Y., Kong, H., Han, S., Park, H.B. (2013). 
Preparation and characterization of novel acetylated 
cellulose ether (ACE) membranes for desalination 
applications, J. Membr. Sci. (428) 533-545. 
Han, J., Chung, T.-S., Toriida, M., Tamai, S. (2012). Thin-film 
composite forward osmosis membranes with novel 
hydrophilic support for desalination, J. Membr. Sci. (423-424) 
543-555. 
 241 
 
Hancock, N.T., Xu, P., Roby, M.J., Gomez, J.G., Cath, T.Y. 
(2013). Towards direct potable reuse with forward osmosis: 
Technical assessment of long-term process performance at 
the pilot scale, J. Membr. Sci. (445) 34-46. 
Hansen, J., Lowen, H. (2000). Effective interactions between 
electric double layers, Ann. Rev., Phys. Chem. (51) 209-242. 
Hausman, R., Digman, B., Escobar, I.C., Coleman, M., Chung, 
T.-S. (2010). Functionalization of polybenzimidizde 
membranes to impart negative charge and hydrophilicity, J. 
Membr. Sci. (363) 195-203. 
Heinemann, P., Howell, J.A., Bryan, R.A. (1998). 
Microfiltration of protein solutions: effects of fouling on 
rejection, Desalination (68) 243. 
Hoek, E.M.V. Wong, M.C.Y., Martinez, K., Ramon, G.Z. (2012). 
Impacts of operating conditions and solution chemistry on 
osmotic membrane structure and performance, Desalination 
(287) 340-349. 
Hoek, E.M.V., Elimelech, M. (2003). Cake-enhanced 
concentration polarization: a new fouling mechanism for salt-
rejecting membranes, Environ. Sci. Technol. (37) 5581. 
 242 
 
Holloway, R.W., Childress, A.E., Dennett, K.E., Cath, T.Y. 
(2007). Forward osmosis for concentration of anaerobic 
digester centrate, Water Res. 41(17) 4005-4014. 
Hong, S.K., Elimelech, M. (1997). Chemical and physical 
aspects of natural organic matter (NOM) fouling of 
nanofiltration membranes, J. Membr. Sci. (132) 159. 
Hook, F., Rodahl, M., Kasemo, B., Brezinski, P. (1998). 
Structural changes in hemoglobin during adsorption to solid 
surfaces: Effects of pH, ionic strength and ligand binding, 
Biophysics, (95) 12271-12276. 
Hoover, L.A., Schiffman, J.D., Elimelech, M. (2012). 
Nanofibers in thin-film composite membrane support layers: 
Enabling expanded application of forward and pressure 
retarded osmosis, Desalination (308) 73–81.  
Hurwitz, G., Gaillen, G.R., Hoek, E.M.V. (2010). Probing 
polyamide membranes surface charge, zeta potential, 
wettability and hydrophilicity with contact angle 
measurements, J. Membr. Sci. (349) 349-357.  
Hwang, B.-K., Lee, W.-N., Park, P.-K., Lee, C.-H., Chang, I.-S. 
(2007). Effect of membrane fouling reducer on cake structure 
 243 
 
and membrane permeability in membrane bioreactor, J. 
Membr. Sci. (288) 149-156. 
Jermann, D., Pronk, W., Boller, M. (2008). Mutual influences 
between natural organic matter and inorganic particles and 
their combined effect on ultrafiltration membrane fouling, 
Environ. Sci. Technol. (42) 9129-9136.  
Jermann, D., Pronk, W., Meylan, S., Boller, M. (2007). 
Interplay of different NOM fouling mechanisms during 
ultrafiltration for drinking water production, Water Res. (41) 
1713-1722. 
Jiao, B., Cassano, A., Drioli, E. (2004). Recent advances on 
membrane processes for the concentration of fruit juices: A 
review, J. Food Eng. (63) 303–324. 
Jin, X., Huang, X., Hoek, E.M.K. (2009). Role of specific ion 
interactions in seawater RO membrane fouling by alginic acid, 
Environ. Sci. Technol. (43) 3580-3587. 
Jones, K.L., O’Melia, C.R. (2000). Protein and humic acid 
adsorption onto hydrophilic membrane surfaces: Effects of 
pH and ionic strength, J. Membr. Sci. (165) 31-46. 
K. Lutchmiah, K., A.R.D. Verliefde, A.R.D., K. Roest, K., L.C. 
Rietveld, L.C., E.R. Cornelissen, E.R. (2014). Forward osmosis 
 244 
 
for application in wastewater treatment: A review, Water 
Res. (58) 179-197.  
Katsoufidiou, K., Yiantsios, S.G., Karabelas, A.J. (2007). 
Experimental study of ultrafiltration membrane fouling by 
sodium alginate and flux recovery by backwashing, J.Membr. 
Sci. (300) 137-146. 
Katsoufidiou, K., Yiantsios, S.G., Karabelas, A.J. (2010). UF 
membrane fouling by mixtures of humic acids and sodium 
alginate: fouling mechanisms and reversibility, J. Membr. Sci. 
(264) 220-227. 
Khayet, M. (2004). Membrane surface modification and 
characterization by X-Ray photoelectron spectroscopy, 
atomic force microscopy, and contact angle measurements, 
Appl. Surface Sci. (238) 269-272. 
Kim, C., Lee, S., Hong, S. (2012). Application of osmotic 
backwash in forward osmosis: mechanisms and factors 
involved, Desalination Water Treat. (43) 314-322. 
Kim, H., Dempsey, B.A. (2013). Membrane fouling due to 
alginate, SMP, EfOM, humic acid and NOM, J. Membr. Sci. 
(428) 190-197. 
 245 
 
Kim, S., Hoek, E.M.K. (2007). Interactions controlling 
biopolymer fouling of reverse osmosis membranes, 
Desalination 202(1-3) 333-342.  
Kim, Y., Elimelech, M., Shon, K.K., Hong, S. (2014). Combined 
organic and colloidal fouling in forward osmosis: Fouling 
reversibility and the role of applied pressure, J. Membr. Sci. 
(460) 206-212. 
Klaysom, C., Hermans, S., Gahlaut, A., van Craenenbroeck, S., 
Vankelecom, I.F.J. (2013) Polyamide/Polyacrylonitrile 
(PA/PAN) thin film composite osmosis membranes: Film 
optimization, characterization and performance evaluation, J. 
Membr. Sci. (445) 25-33. 
Koutsou, C.P., Yiantsios, S.G., Karabelas, A.J. (2009). A 
numerical and experimental study of mass transfer in spacer-
filled channels: effects of spacer geometrical characteristics 
and Schmidt number, J. Membr. Sci. (326) 234–251. 
Kravath, R.E., Davis, J.A. (1975). Desalination of seawater by 
direct osmosis, Desalination (16) 151–155 
Lay, W.C.L. Zhang, J., Tang, C., Wang, R., Liu, Y., Fane, A.G. 
(2012). Factors affecting flux performance of FO systems, J. 
Membr. Sci. (394-394) 151-168. 
 246 
 
Lee, J., Kim, B., Hong, S. (2014). Fouling distribution in FO 
osmosis membrane process, J. Environ. Sci. (26) 1348-1354.  
Lee, K.L., Baker R.W., Lonsdale, H.K. (1981). Membranes for 
power generation by pressure-retarded osmosis, J. Membr. 
Sci. (8) 141-171. 
Lee, N., Amy, G., Croué, J.-P., Buisson, H. (2004). 
Identification and understanding of fouling in low-pressure 
membrane (MF/UF) filtration by natural organic matter 
(NOM), Water Res. (38) 4511-4523. 
Lee, S., Boo, C., Elimelech, M., Hong, S. (2010). Comparison of 
fouling behaviour in forward osmosis (FO) and reverse 
osmosis (RO), J. Membr. Sci. (365) 34-39. 
Lee, S., Cho, J., Elimelech, M. (2004). Influence of colloidal 
fouling and feed water recovery on salt rejection of RO and 
NF membranes, Desalination (160) 1-12. 
Lee, S., Cho, J., Elimelech, M. (2005). Combined influence of 
natural organic matter (NOM) and colloidal particles on 
nanofiltration membrane fouling, J. Membr. Sci. (262) 27-41. 
Lee, S., Elimelech, M. (2007). Salt cleaning of organic-fouled 
reverse osmosis membranes, Water Res. (41) 1134-1142. 
 247 
 
Lee, S., Kim, S., Cho, J., Hoek, E.M.V. (2007). Natural organic 
matter fouling due to foulant-membrane physicochemical 
interactions, Desalination (202) 372-384. 
Li S, Heijman, S.G.J., Verberk, J.Q.J.C., Le Clech, P., Lu, Jie., 
Kemperman, A.J.B., Amy, G.L., van Dijk, J.C., Verliefde, A.R.D. 
(2009). Impact of backwash water composition on 
ultrafiltration fouling control. J. Membr. Sci. (344) 17-25. 
Li, L., Dong, J., Nenoff, T.M., Lee, R. (2004). Desalination by 
reverse osmosis using MFI zeolite membranes, J. Membr. Sci. 
(243) 401-404. 
Li, Q., Elimelech, M. (2006). Synergistic effects in combined 
fouling of loose nanofiltration membrane by colloidal 
material and organic matter, J. Membr. Sci. (278) 72-82. 
Li, Q., Xu, Z., Pinnau, I. (2007). Fouling of reverse osmosis 
(RO) membranes by biopolymers in wastewater secondary 
effluent: Role of membrane surface properties and initial 
permeate flux, J. Membr. Sci. (290) 173-181. 
Li, S., Heijman, S.G.J., Verberk, J.Q.J.C., Amy, G.L., van Dijk, 
J.C. (2012). Seawater ultrafiltration fouling control: 
Backwashing with demineralised water/SWRO permeate, 
Sep. Purif. Technol. (98) 327-336. 
 248 
 
Li, S., Heijman, S.G.J., Verberk, J.Q.J.C., Le Clech, P., Lu, J., 
Kemperman, A.J.B., Amy, G.L., van Dijk, J.C. (2011). Fouling 
control mechanisms of demineralised water backwash: 
Reduction of charge screening and calcium bridging effects, 
Water Res. (45) 6289-6300.  
Li, X., An, G., Lin, J., Li, J. (2014). Monitoring of membrane 
scaling and concentration polarization in spiral wound 
reverse osmosis module using ultrasonic time-domain 
reflectometry with sound intensity calculation, J. Water 
Sustain. 4 (3) 167-180. 
Li, Z., Yangali-Quintanilla, V., Valladares-Linares, V.R., Li Q., 
Zhan, T., Amy, G. (2012). Flux patterns and membrane fouling 
propensity during desalination of seawater by forward 
osmosis, Water Res. (46) 195-204. 
Lin, C.-J., Shirazi, S., Rao, P. (2005). Mechanistic model for 
CaSO4 fouling on nanofiltration membrane, Environ. Eng. 131 
(10) 1397-1392. 
Linares, V.R., Li, Z., Sarp, S., Bucs, S.S., Amy, G., 
Vrouwenvelder, J.S. (2014). Forward osmosis niches in 
seawater desalination and wastewater reuse, Water Res. (66) 
122-139. 
 249 
 
Ling, M.M., Chung, T.-S., Lu, X. (2011). Facile synthesis of 
thermosensitive magnetic nanoparticles as ‘smart’ draw 
solutes in forwards osmosis, Chem. Commun. 47 10788-
10790. 
Ling, M.M., Wang, K.Y., Chung, T.-S. (2010). Highly water-
soluble magnetic nanoparticles as novel draw solutes in 
forward osmosis for water reuse, Indust. Eng. Chem. Res. 
49(12) 5869-5876. 
Listiarini, K., Tan, L., Sun, D.D., Leckie, J.O. (2011). Systematic 
study on calcium-alginate interaction in a hybrid coagulation-
nanofiltration system, J. Membr. Sci. (370) 109-115. 
Liu, Z., Bai, H., Lee, J., Sun, D.D. (2011). A low-energy forward 
osmosis process to produce drinking water, Energy Environ. 
Sci. (4) 2582. 
Loeb, S. (1976). Production of energy from concentrated 
brines by pressure-retarded osmosis I. Preliminary technical 
and economic correlations, J. Membr. Sci. (1) 49-63. 
Loeb, S. (1976). Production of energy from concentrated 
brines by pressure-retarded osmosis II. Experimental results 
and projected energy costs, J. Membr. Sci. (1) 249-269. 
 250 
 
Loh, S., Beuscher, U., Poddar, T.K., Porter, A.G., Wingard, 
J.M., Husson, S.M., Wickramasinghe, S.R. (2009). Interplay 
among membrane properties, proteins and operations on 
protein fouling during normal flow microfiltration,J. Membr. 
Sci. (332) 93-103.  
Long, N.D., Hawkes, S. (2009). Effects of membrane fouling 
on the nanofiltration of trace organic contaminants, 
Desalination (236) 273-281. 
Lui, Y., Mi, B. (2012). Combined fouling of forward osmosis 
membranes: Synergistic foulant interactions direct 
observation of fouling layer formation, J. Membr. Sci. (407-
408) 136-144. 
Luner, P.E., Oh, E. (2001). Characterization of the free energy 
of cellulose ether films, Colloids and Surfaces A: 
Physicochem. Eng. Aspects (181) 31-48. 
Macedonio, F., Drioli, E., Gusev, A.A., Bardow, A Semiat, R., 
Kurihara, M. (2012). Efficient technologies for worldwide 
clean water supply, Chem. Eng. Process. (51) 2-17. 
Mattai, D., Lee, K.P., Arnot, T.C. (2011). A review of reverse 
osmosis membrane materials for desalination – Development 
to date and future potential, J. Membr. Sci. 370 (2011) 1-22. 
 251 
 
McCutcheon, J.R., Elimelech, M. (2006). Influence of 
concentrative and dilutive internal concentration polarization 
on flux behaviour in forward osmosis, J. Membr. Sci. (284) 
237-247. 
McCutcheon, J.R., Elimelech, M. (2008). Influence of 
membrane support layer hydrophobicity on water flux in 
osmotically driven membrane processes, J. Membr. Sci. (318) 
458-466. 
McCutcheon, J.R., M. Elimelech, M. (2008). Influence of 
membrane support layer hydrophobicity on water flux in 
osmotically driven membrane processes, J. Membr. Sci. 
318(1-2) 458–466.  
McCutcheon, J.R., McGinnis, R.L., Elimelech, M. (2005). A 
novel ammonia-carbon dioxide forward (direct) osmosis 
desalination process. Desalination 174(1) 1-11. 
McCutcheon, J.R., McGinnis, R.L., Elimelech, M. (2006). 
Desalination by ammonia-carborn dioxide forward osmosis: 
Influence of draw and feed solution concentration on process 
performance, J. Membr. Sci. (278) 114-123. 
 252 
 
McCutcheon, R.J., Elimelech, M. (2007). Modelling water flux 
in FO: Implications for improved membrane design, Am. Inst. 
Chem. Eng. (53) 1736-1744. 
McGinnis, R.L., Elimelech, M. (2008). Global challenges in 
energy and water supply: The promise of engineered 
osmosis, Environ. Sci. Technol. (42) 8625-8629. 
McGinnis, R.L., McCutcheon, J.R., Elimelech, M. (2007). A 
novel ammonia-carbon dioxide osmotic heat engine for 
power generation, J. Membr. Sci. (305) 13-19.  
Mehta, G.D., Loeb, S. (1978). Internal polarization in the 
porous substructure of a semi permeable membrane under 
pressure-retarded osmosis, J. Membr. Sci. (4) 261-265. 
Meinders, J.M., van der Mei, H.C., Busschre, H.J. (1995). 
Deposition efficiency and reversibility of bacterial adhesion 
under flow, J. Colloid Interf. Sci. (176) 239-347. 
Mi, B., Elimelech, M. (2008). Chemical and physical aspects of 
organic fouling of forward osmosis membranes, J. Membr. 
Sci. (320) 292-302. 
Mi, B., Elimelech, M. (2010). Organic fouling of forward 
osmosis membranes: Fouling reversibility and cleaning 
without chemical reagents, J. Membr. Sci. (348) 337-345. 
 253 
 
Milojka, G., Sinn, G., Gindl, W., Reiterer, A., Tschegg, S. 
(2001). A comparison of different methods to calculate the 
surface free energy of wood using contact angle 
measurements, Colloids and Surfaces A. Physicochem. Eng. 
Aspects (181) 279-287. 
Mishuchuk, M. (2008). Electric double layer and electrostatic 
interaction of hydrophobic particles. J. Colloid and Interface 
Sci. (320) 599-607. 
Mo, H., Tay, K.G., Ng, H.Y. (2008). Fouling of reverse osmosis 
membrane by protein (BSA): effects of pH, calcium, 
magnesium, ionic strength and temperature, J. Membr. Sci. 
(315) 28-35. 
Mo, Y., Xiao, K., Shen, Y., Huang, X. (2011). A new perspective 
on the effect of complexation between calcium and alginate 
on fouling during nanofiltration, J. Membr. Sci. 82 (2011) 121-
127.  
Mohammadi, T., Moghadam, M.K., Madaeni, S.S. (2002). 
Hydrodynamic factors affecting flux and fouling during 
reverse osmosis of seawater desalination, Desalination (151) 
239-245. 
 254 
 
Money, N.P. (1989). Osmotic pressure of aqueous 
polyethylene glycols: Relationship between molecular weight 
and vapor pressure deficit, Plant Phys. (91) 766-769.  
Motsa, M.M., Mamba, B.B., D'Haese, A., Hoek, E.M.V., 
Verliefde, A.R.D. (2014). Organic fouling on forward osmosis 
membranes: The role of feed solution chemistry and 
membrane structural properties, J. Membr.Sci. (460) 99-109. 
Ng, H.Y., Parida, V. (2012). Forward osmosis organic fouling: 
effects of organic loading, calcium and membrane 
orientation, Desalination (312) 88-98. 
Nguyen, T.P.N., Yun, E.-T., Kim, I.-C., Kwon, Y.-N. (2013). 
Preparation of cellulose triacetate/cellulose acetate 
(CTA/CA)-based membranes for forward osmosis, J. Membr. 
Sci. (433) 49-59.  
Pamies, R., Schmidt, R.R., Lopez, M.M., de laTorre, J.G. 
(2010). The influence of mono and divalent cations on dilute 
and non-dilute aqueous solutions of sodium alginates, 
Carbohydr. Polym. (80) 248-253. 
Park, C., Lee, Y.H., Hong, S. (2008). Effect of cake layer 
structure on colloidal fouling in reverse osmosis membranes, 
Desalination (220) 335-344.  
 255 
 
Park, M., Lee, J.J., Lee, S., Kim, J.H. (2011). Determination of a 
constant membrane structure parameter in forward osmosis 
processes, J. Membr. Sci. 375 (1) 241-248. 
Paul, D., Abanmy, A.M. (1990). Reverse osmosis membrane 
fouling – the frontier, Ultra Pure Water, (7) 25-36. 
Peñate, B., García-Rodríguez, L. (2012). Current trends and 
future prospects in the design of seawater reverse osmosis 
desalination technology, Desalination (284) 1-8. 
Perez-Gonzalez, K., Urtiaga, A.M., Ibanez, R., Ortiz, I. (2012). 
State of the art and review on the treatment technologies of 
water reverse osmosis concentrates, Water Res. (46) 267-
283. 
Petrotos, K.B., Quantick, P.C., Petropakis, H. (1998). A study 
of the direct osmotic concentration of tomato juice in tubular 
membrane-module configuration. I. The effect of certain 
basic process parameters on the process performance, J. 
Membr. Sci. (150) 99–110. 
Phillip, W.A. Yong, J.S., Elimelech, M. (2010). Reverse draw 
solute permeation in forward osmosis: Modeling and 
experiments, Environ. Sci. Technol. 44(13) 5170-5176. 
 256 
 
Phuntsho, S., Kyong Shon, H., Vigneswaran, S., Kandasamy, J., 
Hong, S., Lee, S. (2012). Influence of temperature and 
temperature difference in the performance of forward 
osmosis desalination process, J. Membr. Sci. (415) 734-744. 
Phuntsho, S., Shon, H.K., Vigneswaran, S., Cho, J. (2011). 
Assessing membrane fouling potential of humic acid using 
flow field-flow fractionation, J. Membr. Sci. (373) 64-73.  
Qin, J., Liberman, B., Kekre, A.K. (2009). Direct osmosis for 
reverse osmosis fouling control: Principles, applications and 
recent developments, Open Chem. Eng. J. 3 (2009) 8-16.  
Qui, C., Qi, S., Tang, C.Y. (2011). Synthesis of high flux forward 
osmosis membranes by chemically cross-linked layer by layer 
polyelectrolytes, J. Membr. Sci. 381 (1-2) 74-80. 
Ramon, G., Agnon, Y., Dosoretz, C. (2010). Dynamics of an 
osmotic backwash cycle, J. Membr. Sci. (364) 157-166. 
Ramon, G.Z., Nguyen, T.V., Hoek, E.M.V. (2013). Osmosis-
assisted cleaning of organic-fouled seawater RO membranes, 
Chem. Eng. J. (218) 173-182. 
Sablani, S.S., Goosen, M.F.A., Al-Belushi, R., Wilf, M. (2001). 
Concentration polarization in ultrafiltration and reverse 
osmosis: a critical review, Desalination 141(3) 269-289. 
 257 
 
Sagiv, S., Semiat, R. (2005). Backwash of RO spiral wound 
membranes, Desalination (179) 1-9. 
Salehi, E., Madaeni, S.S. (2010). Adsorption of humic acid 
onto ultrafiltration membranes in the presence of protein 
and metal ions, Desalination (263) 139-145.  
Schäfer, I.A., Andritsos, N., Karabelas, J.A., Hoek, E.M.V., 
Schneider, R., Nyström, M. (2004). Fouling in nanofiltration, 
in: Schäfer A.I., Waite T.D., Fane A.G. (Eds.), Nanofiltration - 
Principles and Applications, Elsevier, Oxford, pp. 169-239.  
Schatzel, K. (1987). Correlation techniques in dynamic light 
scattering, Appl. Phys. B. (42) 193-213. 
Schiebl, K., Babick, F., Stintz, M. (2012). Calculation of double 
layer interaction between colloidal aggregates, Adv. Powder 
Technol. (23) 139-147. 
Schurr, J.M. (1997). Dynamic light scattering of biopolymers 
and biocolloids, CRC Crit. Rev. Biochem. (4) 371 - 431. 
Setiawan, L., Wang, R., Li, K., Fane, A.G. (2012). Fabrication 
and characterization of forward osmosis hollow fibre 
membranes with antifouling NF-like selective layer, J. Membr. 
Sci. (394) 80-88. 
 258 
 
Shaffer, D.L., Werber, J.R., Jahamillo, H., Lin, S., Elimelech, M. 
(2015). Forward osmosis: Where are we now? Desalination 
(356) 271-284. 
Shaffer, D.L., Yin-Yip, N., Gilron, N., Elimelech, M. (2012) 
Seawater desalination for agriculture by integrated forward 
and reverse osmosis: Improved product water quality for 
potentially less energy, J. Membr. Sci. (415) 1-8. 
Shannon, M.A., Bohn, P.W., Elimelech, M., Georgiadis, J.G., 
Marinas, B.J., Mayes, A.M. (2008). Science and technology for 
water purification in the coming decades, Nature (452) 301-
310. 
Shannon, M.A., Bohn, P.W., Elimelech, M., Georgiadis, J.G.B., 
Marinas, J., Mayes, A.M. (2008). Science and technology for 
water purification in the coming decades, Nature (452) 301-
310. 
She, Q. (2008). Effect of Hydrodynamic Conditions and Feed 
water Composition on Fouling of Ultrafiltration and Forward 
Osmosis Membranes by Organic Macro-molecules, M.Eng. 
Thesis, School of Civil and Environmental Engineering, 
Nanyang Technological University, Singapore. 
 259 
 
She, Q., Jin, X., Li, Q., Tang, C.Y. (2012). Relating reverse and 
forward solute diffusion to membrane fouling in osmotically 
driven membrane processes, Water Res. 46 (7) 2478-2486. 
She, Q., Tang, C.Y., Wang, Y.N., Zhang, Z. (2009). The role of 
hydrodynamic conditions and solution chemistry on protein 
fouling during ultrafiltration, Desalination (249) 1079-1087. 
Shirazi, S., Li, C.J., Chen, D. (2010). Inorganic fouling of 
pressure-driven membrane processes – a critical review, 
Desalination (250) 236-284.  
Song, X., Liu, Z., Sun, D.D. (2011). Nano gives the answer: 
Breaking the bottleneck of internal concentration 
polarization with a nanofiber composite forward osmosis 
membrane for a high water production rate, Adv. Mater. 23 
(29) 3256–3260. 
Strnd, K.A., Boe, A., Dalberg, P.S., Sikkeland, T., Smidsrod, O. 
(1982). Dynamic and light scattering on aqueous solutions of 
sodium alginate, Macromolecules (15) 570-579. 
Stuart, B. (2004). Infrared spectroscopy: Fundamentals and 
applications, John Wiley and Sons Ltd, Chichester, UK. 
Su, J., Chung, T.-S., Helmer, B.J., de Wit, J.S. (2012). Enhanced 
double-skinned FO membranes with inner dense layer for 
 260 
 
wastewater treatment and macromolecule recycle using 
sucrose as draw solute, J. Membr. Sci. (396) 92-100. 
Subhi, N., Verliefde, A.R.D., Chen, V., Le-Clech, P. (2012). 
Assessment of physicochemical interactions in hollow fiber 
ultrafiltration membrane by contact angle analysis, J. Membr. 
Sci. (403-404) 32-40. 
Subramani, S., Badruzzaman, M., Oppenheimer, J., Jacangelo, 
J.G. (2011). Energy minimization strategies and renewable 
energy utilization for desalination: A review, Water. Res. (45) 
1907-1920.  
Tang, C.Y., Chong, T.H., Fane, A.G. (2011). Colloidal 
interactions and fouling of NF and RO membranes: A review, 
Adv. Colloid Interface (164) 126-143. 
Tang, C.Y., Kwon, Y.-N., Leckie, J.O. (2007). Fouling of reverse 
osmosis and nanofiltration membranes by humic acid – 
effects of solution composition and hydrodynamic conditions, 
J. Membr. Sci. (290) 86-94. 
Tang, C.Y., Q. She, Q., Lay, W.L.C., Wang, R., Fane, A.G. 
(2010). Coupled effects of internal concentration polarization 
and fouling on flux behavior of forward osmosis membranes 
during humic acid filtration, J. Membr. Sci. 354 (1-2) 123–133. 
 261 
 
Tang, S., Wang, Z., Wu, Z., Zhou, Q. (2010). Role of dissolved 
organic matters (DOM) in membrane fouling of membrane 
bioreactors for municipal wastewater treatment, J. Hazard. 
Mater. (178) 377-384. 
Tang, W.L., Ng, H.Y. (2008). Concentration of brine by 
forward osmosis: performance and influence of membrane 
structure, Desalination (224) 143–153. 
Tay, K.G., Song, L. (2005). A more effective method for fouling 
characterization in a full-scale reverse osmosis process, 
Desalination 177 (2005) 95-107.  
Thelin, W.R., Silvertsen, E., Holt, T., Brekke, G. (2013). Natural 
organic matter fouling in pressure retarded osmosis, J. 
Membr. Sci. (438) 46-56. 
Thorsen, T., Holt, T. (2009). The potential for power 
production from salinity gradients by pressure retarded 
osmosis, J. Membr. Sci. 335(1-2) 103–110. 
Tian, J.-Y., Mathias, E., Cui, F., Jekel, M. (2013). Effect of 
different cations on UF membrane fouling by NOM fractions, 
J. Chem. Eng. (223) 547-555. 
Tiraferri, A., Yip, Y.N., Phillip, W.A., Schiffman, J.D., Elimelech, 
M. (2011). Relating performance of thin-film composite 
 262 
 
forward osmosis membranes to support layer formation and 
structure, J. Membr. Sci. 367 (1-2) 340-352. 
Troger, J., Lunkwitz, K., Burger, W. (1997). Determination of 
the surface tension of micro porous membranes using 
contact angle measurements, J. Colloid Interface Sci. (194) 
281-286.  
Valladares, L.R., Li, Z., Sarp, S., Bucs, Sz.S., Amy, G., 
Vrouwenvelder, J.S. (2014). Forward osmosis niches in 
seawater desalination and wastewater reuse, Water Res. (66) 
122-139. 
Valladares-Linares, R.V., Yangali-Quintanilla, V., Li, Z., Amy, G. 
(2012). NOM and TEP fouling of forward osmosis (FO) 
membrane: Foulant identification and cleaning, J. Membr. 
Sci. (421-422) 217-224. 
van den Brink, P., Wzijnenburg, A., Smith, G., Temmink, H., 
van Loosdrecht, M. (2009). Effect of free calcium 
concentration and ionic strength on alginate fouling in cross-
flow membrane filtration, J. Membr. Sci. (345) 207-216. 
Van der Bruggen, B., Luis, P. (2014). Forward osmosis: 
understanding the hype, Rev. Chem Eng. 31 (1) 1-12. 
 263 
 
van der Bruggen, B., Vandecasteele, C., Van Gestel, T., Doyen, 
W., Leysen, R. (2003). A review of pressure-driven membrane 
processes in wastewater treatment drinking water 
production, Environ. Prog. (22) 46-56. 
van Houtte, E., Verbauwhede, J. (2008). Operational 
experience with indirect potable reuse at the Flemish Coast, 
Desalination (218) 198–207. 
van Oss, C.J. (1993). Acid-base interfacial interactions in 
aqueous-media, Colloids and Surfaces A:Physicochem. Eng. 
Aspects (78) 1-49. 
van Oss, C.J. (2007). Development and applications of the 
interfacial tension between water and organic or biological 
surfaces, Colloids and Surfaces B: Biointerfaces 54 (1) 2-9. 
Votta, F., Barnett, S.M., Anderson, D.K. (1974). Concentration 
of industrial waste by direct osmosis: completion report, 
Providence, RI. 
Wandera, D., Husson, S.M. (2013). Assessment of fouling-
resistant membranes for additive-free treatment of high-
strength wastewaters, Desalination (309) 222-230. 
 264 
 
Wang, D., Wang, M., Lui, L., Gao, C. (2009). Current Patents of 
Forward Osmosis Membrane Process, Recent Patents on 
Chemical Engineering. (2) 76-82.  
Wang, K.Y., Chung, T.-S., Amy, G. (2012). Developing thin-
film-composite forward osmosis membranes on the PES/SPSf 
substrate through interfacial polymerization, AIChE, 58(3) 
770-781. 
Wang, K.Y., Ong, R.C., Chung, T.-S. (2010). Double-skinned 
forward osmosis membranes for reducing internal 
concentration polarization within the porous sublayer, 
Indust. Eng. Chem. Res. 49(10) 4824-4831.  
Wang, X., Chen, Y., Yuan, B., Li, X., Ren, Y. (2014) Impacts of 
sludge retention time on sludge characteristics and 
membrane fouling in a submerged osmotic membrane 
bioreactor, Bioresour. Technol. (161) 340-347. 
Wang, Y.-N., Tang, Y.C. (2011). Protein fouling of 
nanofiltration, reverse osmosis and ultrafiltration 
membranes: The role of hydrodynamic conditions, solution 
chemistry and membrane properties, J. Membr. Sci. (376) 
275-282. 
 265 
 
Wang, Z., Ma, J.X., Tang, Y.C., Kimura, K., Wang, R., Hon, X. 
(2014). Membrane cleaning in Membrane bioreactors: A 
review, J. Membr. Sci. (468) 276-307. 
Wang, Z., Tang, J., Zhu, C., Dong, Y., Wang, Q., Wu, Z. (2015). 
Chemical cleaning protocols for thin film composite (TFC) 
polyamide forward osmosis membranes used for municipal 
wastewater treatment, J. Membr. Sci. (475) 184-192. 
Wei, C.-H., Amy, G. (2012). Membrane fouling potential of 
secondary effluent organic matter (EfOM) from conventional 
activated sludge process, J. Sep. Purif. Technol. (1) 129-136. 
Wei, J., Qiu, C., Tang, C.Y., Wang, R., Fane, A.G. (2011). 
Synthesis and characterization of flat-sheet thin film 
composite forward osmosis membranes, J. Membr. Sci. 
372(1-2) 292-302. 
Widjojo, N., Chung, T.-S., Weber, M., Maletzko, C., 
Warzelhan, V. (2011). The role of sulphonated polymer and 
macrovoid-free structure in the support layer for thin-film 
composite (TFC) forward osmosis (FO) membranes, J. Membr. 
Sci. 383(1-2) 214-223. 
 266 
 
Wolansky, G., Marmur, A. (1999). Apparent contact angles on 
rough surfaces: The Wenzel equation revisited, Colloids and 
Surfaces A: Physicochem. Eng. Aspects (156) 381-388. 
Wu, J., Contreras, A.E., Li, Q. (2014). Studying the impact of 
RO membrane surface functional groups on alginate fouling 
in seawater desalination, J. Membr. Sci. (458) 120-127. 
Xiao, K., Wang, X., Huang, X., Waite, T.D., Wen, X. (2011). 
Combined effect of membrane and foulant hydrophobicity 
and surface charge on adsorptive fouling during 
microfiltration, J. Membr. Sci. (373) 140-151. 
Xiaohua, Z., Elimelech, M. (1997). Colloidal fouling of reverse 
osmosis membranes: Measurements and fouling 
mechanisms, Environ. Sci. Technol. (31) 3654-3662. 
Xie, M., Nghiem, D.L., Price, W.E., Elimelech, M. (2014). 
Impact of organic and colloidal fouling on trace organic 
contaminant rejection by forward osmosis: role initial 
permeate flux, Desalination (336) 146-152. 
Xie, M., Nghiem, L.D., Price, W.E., Elimelech, M. (2013). 
Impact of humic acid fouling on membrane performance and 
transport of pharmaceutically active compounds in forward 
osmosis, Water Res. (47) 4567-4575. 
 267 
 
Xie, M., Price, W.E., Nghiem, L.D., Elimelech, M. (2013). 
Effects of feed and draw solution temperature and 
transmembrane temperature difference on the rejection of 
trace organic contaminants by forward osmosis, J. Membr. 
Sci. (438) 57-64. 
Xiong, Y., Liu, Y., Mi, B., Leng, Y. (2013). Hydrated polyamide 
membrane and its interaction with alginate: a molecular 
dynamic study, Langmuir (29) 11600-11608. 
Xu, Y., Peng, X., Tang, C. Y., Fu, Q. S., Nie, S. (2010). T.H. 
Chong, F.S. Wong, A.G. Fane, Enhanced concentration 
polarization by unstirred fouling layers in reverse osmosis: 
Detection by sodium chloride tracer response technique, J. 
Membr. Sci. (287) 198–210.  
Xu, Y., Peng, X., Tang, C.Y., Fu, Q.S., Nie, S. (2010). Effect of 
draw solution concentration and operating conditions on 
forward osmosis and pressure retarded osmosis performance 
in a spiral wound module, J. Membr. Sci. 348 (1-2) 298–309.  
Yangali-Quintanilla, V., Li, Z., Valladares, R., Li, Q., Amy, G. 
(2011). Indirect desalination of Red Sea water with forward 
osmosis and low pressure reverse osmosis for water reuse, 
Desalination 280(1-3) 160–166.  
 268 
 
Yen, S.K., Haja M.M., Su, N., Wang, K.Y., Chung. T.-S. (2010). 
Study of draw solutes using 2-methylimidazole-based 
compounds in forward osmosis, J. Membr. Sci. (364) 242-252. 
Yen, S.K., MehnasHaja, F., Su, N.M., Wang, K.Y., Chung, T.-S. 
(2010). Study of draw solutes using 2-methylimidazole-based 
compounds in forward osmosis, J. Membr. Sci. (364) 242-252. 
Yip, N.Y., Tiraferri, A., Phillip, W.A., Schiffman, J.D., Hoover, 
L.A., Kim, Y.C., Elimelech, M. (2011). Thin-film composite 
pressure retarded osmosis membranes for sustainable power 
generation from salinity gradients, Environ. Sci. Technol. 
45(10) 4360–4369. 
Yip, Y.N., Elimelech, M. (2013). Influence of Natural organic 
matter fouling and osmotic backwash on pressure retarded 
osmosis energy production from natural salinity gradients, 
Environ. Sci. Technol. (47) 12607-12614. 
Yip, Y.N., Tiraferri, A., Phillip, W.A., Schiffman, J.D., Elimelech, 
M. (2010). High performance thin-film composite forward 
osmosis membrane, Environ. Sci. Technol. (44) 3812-3818. 
Yong, J.S., Phillip, W.A., Elimelech, M. (2012). Couple reverse 
draw solute permeation and water flux, in forward osmosis 
with neutral draw solutes, J. Membr. Sci. (392-393) 9-17. 
 269 
 
York, R.J., Thiel, R.S., Beaudry, E.G. (1999). Full-scale 
experience of direct osmosis concentration applied to 
leachate management, in: Proceedings of the Seventh 
International Waste Management and Landfill Symposium 
(Sardinia 99), S. Margherita di Pula, Cagliari, Sardinia, Italy. 
Yu, Y., Lee, S., Hong, S. (2010). Effect of solution chemistry on 
organic fouling of reverse osmosis membranes in seawater 
desalination, J. Membr. Sci. (351) 946-957. 
Yuan, W., Zydney, A.L. (2000). Humic acid fouling during 
ultrafiltration, Environ. Sci. Technol. (34) 5043.  
Yun, T.G., Kim, Y.J., Lee, S., Hong, S.K. (2012). Pressure 
assisted forward osmosis: Effect of membrane properties and 
operating conditions, Proced. Eng. (44) 1906-1914. 
Zhang, J., Loong, W.L.C., Chou, S., Tang, C., Wang, R., Fane, 
A.G. (2012). Membrane biofouling and scaling in forward 
osmosis membrane bioreactor, J. Membr. Sci. (403-404) 8–
14. 
Zhang, L., Wang, L., Zhang, G., Wang, X. (2009). Fouling of 
nanofiltration membrane by effluent organic matter: 
Characterization using different organic fractions in 
wastewater, J. Environ. Sci. 21 (1) 49-53. 
 270 
 
Zhang, S., Fu, F., Chung, T.-S. (2013). Substrate modifications 
and alcohol treatment on thin film composite membranes for 
osmotic power, Chem. Eng. Sci. (87) 40-50. 
Zhang, S., Wang, K.Y., Chung, T.-S., Chen, H., Jean, Y.C., Amy, 
G. (2010). Well-constructed cellulose acetate membranes for 
forward osmosis: Minimized internal concentration 
polarization with an ultra-thin selective layer, J. Membr. Sci. 
360(1-2) 522-535. 
Zhang, S., Wang, P., Fu, X., Chung, T.-S. (2014). Sustainable 
water recovery from oily wastewater via forward osmosis-
membrane distillation (FO-MD), Water Res. (52) 112-121. 
Zhang, X., Ning, Z., Wang, D.K., Diniz da Costa, J.C. (2014). 
Processing municipal wastewater by forward osmosis using 
CTA membrane, J. Membr. Sci. (468) 269-275. 
Zhao, S., Zou, L. (2011). Effects of working temperature on 
separation performance, membrane scaling and cleaning in 
forward osmosis desalination, Desalination 278(1-3) 157-164. 
Zhao, S., Zou, L. (2011). Relating solution physicochemical 
properties to internal concentration polarization in forward 
osmosis, J. Membr. Sci. 379 459-467. 
 271 
 
Zhao, S., Zou, L., Tang, C.Y., Mulcahy, D. (2012). Recent 
developments in FO: Opportunities and challenges, J. Membr. 
Sci. (396) 1-12. 
Zhao, Y., Song, L., Ong, S.L. (2010). Fouling behaviour and 
foulant characteristics of reverse osmosis membranes for 
treated secondary effluent reclamation, J. Membr. Sci. (349) 
65-74. 
Zhao, Y., Song, L., Ong, S.L. (2010). Fouling of RO membranes 
by effluent organic matter (EfOM): Relating major 
components of EfOM to their characteristic fouling 
behaviours, J. Membr. Sci. (349) 75-82. 
Zhao, Y., Wu, K., Wang, Z., Zhao, L., Li, S. (2000). Fouling and 
cleaning of membranes: a literature review, J. Environ. Sci. 12 
(2) 241-25 
Zhou, S., Gn, Y., Xiao, D., Tang, C.Y. (2011). The role of 
physical and chemical parameters on forward osmosis 
membrane during algae separation, J. Membr. Sci. 366 (2011) 
356-362. 
Zhu, X.H., Elimelech, M. (1995). Fouling of reverse osmosis 
membranes by aluminium oxide colloids, J. Environ. Sci. 
Technol. (121) 884.  
 272 
 
Zhu, X.H., Elimelech, M. (1997). Colloidal fouling of reverse 
osmosis membranes: measurements and fouling 
mechanisms, Environ. Sci. Technol. (31) 3654. 
Zularisam, A.M., Ismail, A.F., Salim, R. (2006). Behaviours of 
natural organic matter in membrane filtration for surface 
water treatment: A review, Desalination (194) 211-231.       
 290 
 
Summary  
The process of forward osmosis (FO) has been reported to be a 
promising potential alternative to current pressure driven 
membrane processes such as nanofiltration and reverse osmosis. 
However, the lack of full understanding on essential aspects of the 
process such as membrane fouling and the inherent phenomena 
of concentration polarization is still a major drawback impeding its 
progress towards real world applications. The coupled effects of 
membrane fouling and concentration polarization have 
catastrophic impact on permeate flux. Therefore, this research 
work was aimed at investigating the key mechanisms that lead to 
membrane fouling in a forward osmosis process used for 
brackish/seawater desalination as well as wastewater 
reclamation.  
Organic fouling 
Model organic compounds representative of various common 
organic foulants (polysaccharides, proteins, humic substances and 
fatty acids) were used to prepare different synthetic feed streams 
representative of seawater and wastewater. These feed water 
types were then used to test the fouling behaviour of forward 
osmosis membranes such as the much studied traditional 
cellulose triacetate memmbrane as well as thin film composite 
membranes.  
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Severe flux loss was observed in feed streams containing alginate, 
bovine serum albumin and humic acid; this was attributed to the 
presence negatively charged functional groups (i.e. -COOH) on 
organic foulants that resulted in specific reaction with cations 
particularly calcium ions leading to complexed moieties that were 
easily deposited onto the membrane surface under significant 
permeation drag. Protein molecules were found to severely foul 
the polyamide thin film composite membrane through multiple 
layer adsorptions. Membrane structural surface properties 
(porous structure of support layer), had a dominant role in foulant 
deposition and in organic gel layer accumulation. Foulants got 
deposited on the “valley” of the rough surface of the support 
layer hindering permeation and back-diffusion of solutes resulting 
in severe internal concentration polarization.  
Combined fouling  
The key foulant-foulant interactions that influence membrane 
fouling behaviour during combined fouling were investigated by 
conducting series of systematic experiments using various 
combinations of organic and colloidal foulants. Foulant-foulant 
interactions were identified through sequential fouling 
experiments; where the membrane was fouled with the two 
foulants in alternating sequences. The quartz crystal microbalance 
(QCM-D) with dissipation monitor was also used to investigate 
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surface interactions between colloidal particles and organic 
foulants.  
It was revealed that when two foulants co-exist in a FO process, 
fouling is usually dominated a single foulant. This was evident 
when alginate co-existed with silica colloids in the same feed 
solution; cake layer formation was dominated by alginate 
aggregates. The alginate had a primary effect on the cake layer 
formation. The new approach of sequential fouling experiments 
and QCM-D analysis provided proof of the adsorption of alginate 
onto the surface of silica particles surfaces which led to altered 
colloid-colloid interactions such that the resulting cake layer had 
the same hydraulic characteristics as that of the alginate fouling 
layer.  
A similar observation was observed when both alginate and 
bovine serum albumin were present in the same feed solution. 
However, eventually more severe permeate flux loss was 
observed compared to that caused by either foulant suggesting 
that Bovine serum albumin molecules initiated foulant deposition, 
thereafter synergistic effects between the two foulants through 
electrostatic and hydrophobic interactions lead to severe flux loss.  
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Foulant deposition  
Characterization analyses using advanced contact angle 
measurements were used to gain insight onto foulant-membrane 
interactions at contact as well foulant feed water stability. Given 
the virtual absence of electrostatic interactions at seawater level 
ionic strength (the increase in feed ionic strength was shown to 
reduce the Debyle length and electric double layer to such an 
extent that normal electrostatic interactions effectively 
suppressed), interaction of the membrane and foulant at contact 
was found to be better explained by the short-range acid-base 
interactions from the two interacting surfaces. The surface free 
energies correlated strongly with the rates of membrane fouling 
and predicted membrane fouling by alginate. However, due to the 
nature of the resulting fouling layer from combined fouling 
(dominance of one foulant) the prediction of the fouling behavior 
due to multi-component feed solutions was not as accurate as 
those for single foulants. 
Membrane cleaning  
A strategy to clean fouled forward osmosis membranes was 
developed by gaining insight into the key physical cleaning 
mechanisms involved in a simple osmotic backwash process 
during the cleaning of FO membranes fouled under seawater 
conditions.  
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The osmotic backwash process was found to effectively restore 
membrane flux (> 80%) of cellulose triacetate membrane fouled 
with alginate during seawater desalination. The fouling layer 
(alginate gel) removal was shown to be a function of both 
permeate flux rate induced by the cleaning draw solution and the 
shear force generated by increased cross-flow velocities of bulk 
solution. It was also revealed that the high permeate rate 
responsible for faster membrane fouling (increased foulant 
deposition rate) was a requirement for the effective fouling layer 
removal during osmotic backwash. Therefore, this implies that the 
ideal operational conditions for a long FO run include moderate 
permeate fluxes with high feed cross-flow velocity. 
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Samenvatting 
Het proces van voorwaartse osmose (forward osmosis of FO) werd 
gerapporteerd als een beloftevol alternatief voor drukgedreven 
membraanprocessen zoals nanofiltratie en omgekeerde osmose. 
Het ontbreken van volledige fundamentele kennis over een aantal 
essentiële aspecten van het proces (zoals membraanvervuiling en 
karakteristieke fenomenen zoals concentratie-polarisatie) is 
echter een sterke barrière voor toepassingen buiten de labo-
omgeving. De gekoppelde effecten van membraanvervuiling en 
concentratie-polarisatie hebben namelijk een catastrofaal effect 
op de permeaatflux. Dit onderzoek was daarom gericht op het 
ontrafelen van de sleutelmechanismen die leiden tot 
membraanvervuiling in voorwaartse osmose-processen voor 
ontzouting van brak- of zeewater en recuperatie uit afvalwater. 
 
Organische vervuiling 
Verschillende synthetische voedingsstromen (als model voor 
zeewater en afvalwater) werden samengesteld met 
voorbeeldtypes van organische vervuilingsstoffen, zoals 
polysachariden, proteïnes, humusstoffen en vetzuren. Deze 
voedingsstromen werden dan getest met voorwaartse osmose, 
om het vervuilingsgedrag van de typische voorwaartse 
osmosemembranen, zoals het veelbestudeerde cellulose 
triacetaatmembraan en thin film composite membranen, te 
bestuderen. 
 279 
 
Sterke reductie van de flux werd geobserveerd in 
voedingsstromen met alginaat, bovine serum albumin en 
humuszuren. Dit werd geweten aan complexatie van de op deze 
organische vervuilingsstoffen aanwezige negatief geladen 
functionele groepen (-COOH) met kationen zoals Ca2+, waardoor 
de gevormde complexen makkelijk met het membraanoppervlak 
binden als ze richting het membraanoppervlak worden 
meegesleept onder invloed van de flux. Het werd aangetoond dat 
proteïnemoleculen het oppervlak van polyamide thin film 
composite membranen sterk vervuilen door adsorptie in 
verschillende lagen. De structurele eigenschappen van het 
membraanoppervlak (zoals vb. de poreuze structuur van de 
dragerlaag) hadden een dominante rol in de depositie van 
vervuiling en de vorming van een organische gellaag aan het 
oppervlak. Vervuilingsstoffen werden afgezet in de ‘vallei’ van het 
ruwe oppervlak van de dragerlaag, waardoor permeatie doorheen 
het membraan en terug-diffusie van opgeloste stoffen werd 
gehinderd. Dat had een sterke interne concentratie-polarisatie tot 
gevolg. 
 
Gecombineerde vervuiling 
De voornaamste vervuiling-vervuiling interacties die 
membraanvervuiling veroorzaken gedurende experimenten met 
gecombineerde vervuilingsstoffen werden onderzocht door het 
uitvoeren van een systematisch experimenteel protocol waarbij 
diverse combinaties van organische en colloïdale vervuiling 
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werden gebruikt. Interacties tussen vervuilende stoffen werden 
geïdentificeerd door opeenvolgende vervuilingsexperimenten 
waarbij het membraan vervuild werd door twee vervuilingsstoffen 
in verschillende opeenvolging. De kwartskristal microbalans met 
dissipatiemonitor (QCM-D) werd ook gebruikt om oppervlakte-
interacties tussen colloïdale deeltjes en organische 
vervuilingsstoffen te onderzoeken. 
Het werd duidelijk dat wanneer twee vervuilingsstoffen simultaan 
aanwezig zijn bij voorwaartse osmose, de vervuiling meestal 
gedomineerd werd door één vervuilingsstof. De vorming van een 
koeklaag van alginaataggregaten werd opgemerkt bij de 
aanwezigheid van alginaat en silica colloïden in één oplossing. Het 
alginaat had een primair effect op de vorming van de koeklaag. De 
nieuwe aanpak van sequentiële vervuilingsexperimenten en 
analyse met QCM-D leverde het bewijs van adsorptie van alginaat 
aan een oppervlak van silicapartikels, wat leidde tot colloïd-
colloïd-interacties, waardoor de resulterende koeklaag dezelfde 
hydraulische karakteristieken had als die van een 
alginaatgedomineerde vervuilingslaag. 
Een gelijkaardige observatie werd waargenomen wanneer 
alginaat en bovine serum albumine aanwezig waren in dezelfde 
voedingsoplossing. Het verschil was echter dat uiteindelijk een 
veel sterkere reductie van de permeaatflux werd geobserveerd bij 
de gecombineerde vervuiling dan bij vervuiling tijdens 
experimenten met de stoffen apart, wat suggereert dat moleculen 
van bovine serum albumine de vervuilingsdepositie initieerden en 
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vervolgens de synergistische effecten tussen de twee 
vervuilingsstoffen (elektrostatische en hydrofobe interacties) 
leidden tot een sterke fluxreductie. 
 
Vervuilingsdepositie 
Karakterisatie-analyses met geavanceerde contacthoekmetingen 
werden gebruikt om inzicht te verkrijgen in vervuiling-membraan 
contactinteracties en stabiliteit van het vervuilde voedingswater. 
Doordat er vrijwel geen aanwezigheid is van elektrostatische 
interacties bij de ionische sterkte van zeewater (het werd 
aangetoond dat de toename in ionische sterkte van de voeding 
een negatief effect had op de Debye lengte en de elektrische 
dubbellaag, tot op zo’n niveau dat de normale elektrostatische 
interacties worden onderdrukt) werd geobserveerd dat de 
interacties bij contactvervuiling met het membraan beter werden 
verklaard door zuur-base interacties tussen twee oppervlakken op 
korte afstand. De vrije interactie-energie correleerde sterk met de 
snelheid van membraanvervuiling en de voorspelde 
membraanvervuiling door alginaat. Door de aard van de 
resulterende vervuilingslaag bij gecombineerde vervuiling 
(gedomineerd door één vervuilingsstof) was de voorspelling bij 
multi-componentvervuiling echter minder correct als die voor 
vervuiling met een enkele stof. 
 
 
Membraanreiniging 
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Een efficiënte reinigingsstrategie voor vervuilde voorwaartse 
osmosemembranen werd ontwikkeld door het verkregen inzicht 
in de sleutelmechanismes bij fysische vervuiling. Dit hield een 
eenvoudige osmotische terugspoeling in gedurende de reiniging 
van de voorwaartse osmosemembranen die vervuild werden 
onder zeewatercondities. De osmotische terugspoeling herstelde 
de membraanflux (tot >80% van de originele waarde) bij het 
cellulose triacetaatmembraan dat vervuild werd met alginaat 
onder zeewaterontzouting. De snelheid van verwijdering van de 
vervuilingslaag (alginaatgel) was een functie van zowel de 
permeaatflux (die op gang werd gebracht door een reinigings-
drawoplossing) en de afschuifkracht die werd gegenereerd door 
de verhoogde langsstroomsnelheid van de bulkoplossing. Het 
werd verder aangetoond dat een hoge permeatiesnelheid 
verantwoordelijk voor snellere vervuiling (snellere depositie van 
vervuilingsstoffen) noodzakelijk was voor effectieve verwijdering 
van de vervuilingslaag door osmotische terugspoeling. Dat heeft 
tot gevolg dat de ideale operationele condities voor een 
voorwaarts osmoseproces op lange termijn een middelmatige 
permeaatflux met hoge langsstroomsnelheid zijn. 
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